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■W PREFACE 

Whilst the subject of Lubrication and Lubricants 
cannot be dealt with exhaustively in a small book, 
there is undoubtedly a demand for a compact work 
for the use of engineers and chemists, and of 
engineering students in particular,;, which will 
indicate the present state of knowledge on the 
subject, the experimental and other work by 
which it has been obtained, and the efforts which 
are being made to increase it. 

At the present time, very considerable attention 
is being given to the study of lubrication generally, 
not only by oil chemists and engineers, but also 
by workers in the field of "pure science." 

In the following pages, endeavour has been 
made to present the subject to the student in as 
simple a manner as possible, consistent with the 
assumption of a general knowledge of engineering 
terms in common use, and to indicate to him, 
broadly, the course which his studies should 
pursue. 

The beet thank- of the author are due to 
Mr. T. Booney for his suggestions in connection 
with the chapter on " Chemical Tests." 

J. H. HYDE. 
Tkddinotqn, 

Middlesex. 
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Function of Lubricants. When two bodies are 
pressed together, the resistance offered to the 
sliding of one over the other is termed " fric- 
tional " resistance. In machinery and mechanism 
of all kinds, this fractional resistance to motion 
has the ultimate effect of reducing considerably 
the useful work done, thereby decreasing the 
utility and efficiency. The term "lubrication" 
is applied to the various methods of reducing the 
amount of frictional loss by the interposition 
between the rubbing surfaces of a film of greasy 
substance termed the "lubricant." 

The efficiency of the lubrication depends upon 
many factors connected with the lubricants and 
also, in a considerable degree, upon the method 
by which it is applied. 

When the pressure between the rubbing surfaces 
is great, and the relative velocity high, the pre- 
sence of lubricant is absolutely essential, for other- 
wise the bearings of the machine in which such 
conditions obtain would rapidly be destroyed 
either by the heat generated or by " seizure " of 
the bearing surfaces. 
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It will be shown later that the lubrication of 
metal surfaces is usually effected by substituting 
for the " solid " surface friction the " internal " 
friction of a fluid or plastic substance which, 
under the same conditions of load, speed, and 
temperature, is subject to different laws, and is 
usually of a much smaller magnitude than solid 
friction. 

Types and Choice of Lubricants. The lubricants 
in common use are either in the form of a fluid or 
in a plastic condition, and are of two main classes, 
viz., "fixed" oils and fats and "mineral" oils 
and greases. For certain purposes solid lubri- 
cants are used, but these are mostly less efficient 
than fluid substances. 

The fixed oils are derived from vegetable and 
animal sources, and are usually excellent lubri- 
cants, but suffer from certain disadvantages in 
that they possess properties of "gumming," 
which results in drying of the oil when in a thin 
film and in etching, or corrosion of metallic 
surfaces due to the presence of free acid. 

The comparatively recent introduction of 
mineral lubricating oils which do not gum or 
corrode has led to their very general use in spite 
of their inferiority as lubricants in comparison 
with the fixed oils. 

The choice of a lubricant most frequently 
depends upon the ease with which it is obtained 
and on the cost. At the present time, enormous 
quantities of mineral oils of all kinds are pro- 
duced and can be obtained generally at a lower 
cost than the fixed oils ; hence their almost 
universal use for ordinary purposes. 
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Lubrication. Generally, it would appear that 
future improvements in lubrication, i.e. the more 
efficient application of lubricants by avoiding 
waste and effectively reducing frictional losses, 
are of equal if not of greater importance than the 
improvement of lubricants by so mixing them or 
purifying them in order to obtain a slightly better 
lubricating value. 

Immense quantities of lubricant a are wasted 
due to inefficient application and, although 
engineers have made great strides in lubrication 
since the days of the important experiments of 
Beauchamp Tower (1885), yet there is undoubtedly 
room for very much improvement in methods 
generally. Advance in lubrication has not kept . 
pace with the development of machinery ; in 
fact, limits in sizes and weights are often 
determined by the system of lubrication. 

Since materials of high tenacity have come into 
more general use, the reduction in size of parts, 
which is thereby rendered possible, is somewhat 
restricted in cases where large bearing surfaces 
have to be retained in order to provide for 
adequate lubrication. 

To the student of lubrication, a considerable 
knowledge of engineering is essential in order 
that he may understand and appreciate the diffi- 
culties which exist in efficiently lubricating 
machines under varying conditions, and the 
manner in which those difficulties may be over- 
come by a modification of design or of the system 
of application of the lubricant. 
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Static and Kinetic Friction. If a slab A (Fig. 1), 
of weight W, is laid on a level plate B, the force 
F applied to A, which is just sufficient to cause 
it to slide, is a force which is equal to, but which 
acts in the opposite direction from, the frictional 
resistance. The force of friction itself acts in the 
plane of the surfaces as indicated at F 1 (Fig. 1), 
and experiment will show that it is proportional 
to the weight W or, more exactly, the normal 
force between the surfaces. The amount of fric- 
tional resistances per unit of normal force, or the 
ratio of frictional force to normal pressure, is 
termed the "coefficient of friction," and is thus 
represented by 

F i _Z._ 
W ~ W -1 * 

The force required to start the motion of the 
slab usually differs from that required to main- 
tain the motion, and is most frequently of a 
greater amount. The coefficient of friction at 
starting is termed the " static " coefficient, and 
that when the motion is maintained the " kinetic " 
friction. 

The kinetic or running friction is the resistance 
with which lubrication has chiefly to deal, but in 
certain cases the static friction cannot be neglected, 
although generally the vibration or slight slack- 
ness or elasticity of parts of a machine at starting 
will considerably reduce its effect. 



Variation of Friction with Nature ol Surfaces. 
The amount of Motional resistance varies exten- 
sively between surfaces which are soft and rough 
and those which, are hard and polished, being 
greater between the former than the latter. 

When soft and rough, the surfaces " bed " into 
each other and, if the normal pressure is great, 
the sliding causes abrasion, which does not 
necessarily result in a smoothing of the surfaces. 

The friction being least when the surfaces are 
hard and polished, such surfaces are usually 
adopted in practice. On the other hand, very 
smooth, flat, and clean surfaces, when pressed 
together, have a tendency to adhere to each other, 
sometimes in such close association that the fric- 
tional force is enormously increased. If relative 
motion is produced under these circumstances, 
the surfaces seize together and, if the motion is 
continued, abrasion takes place to such a degree 
as to render them useless for bearing surfaces. 

The f fictional force between dissimilar metallic 
surfaces is invariably less than that between 
similar surfaces ; and, although the results of 
various experiments on this point do not agree, 
the disagreement probably arises from the fact 
that the surfaces experimented upon were not 
always chemically clean, a fact which later research 
has demonstrated to be of utmost importance. 
Mere wiping of the surfaces is not sufficient to 
render them perfectly clean, as any surface 
is most easily contaminated by a film of grease 
or by a very thin layer of oxide or other product 
of the chemical action of moisture and active 
vapours suspended in the atmosphere. The 
effect of the contaminating film is to modify 



6 LCBBICATION AND LUBRICANTS 

considerably the frictional resistance between the 
surfaces, and unless the greatest care be taken to 
remove it, the true value of the coefficient of 
friction cannot be obtained. 

With clean metallic surfaces, seizing takes place 
very readily even under small pressures ; but cast 
iron, possibly because of minute particles of 
carbon acting as a lubricant, does not easily seize 
at moderate loads and speeds. 

Heat Developed by Friction. The work expended 
in producing relative motion between two surfaces, 




Resistance t 



such as those indicated in Fig. 1, is measured by 
the product of the frictional force and the distance 
moved through by one surface relative to the 
other. The work appears as heat, which has the 
effect of raising the temperature of the parts. 
The temperature rise depends upon the rate at 
which the work is expended, and on the rate at 
which heat is conducted through and radiated 
from the mass of metal adjacent to the surfaces. 
If the friction is very great, the temperature may 
rise to such an extent as to overheat or even melt 
the surfaces in contact. 

Variation of Friction with Load and Speed. 
Experiments have shown that the coefficient of 



friction between clean surfaces varies approx- 
imately in proportion to the total normal pressure, 
does not vary with speed for low pressure and 
speed, but increases when the speed and pressure 
are high. It also depends in a considerable degree 
upon the nature and condition of the opposing 
surfaces, and does not appreciably vary with 
temperature, provided the heat is insufficient to 
change the condition of the surfaces in contact. 

It should be clearly understood that the fac- 
tional resistance is a function of the normal load 
and not of the intensity of the load per unit area 
of surface in contact ; in other words, the friction 
is independent of the area of the surfaces in 
contact. 

Rolling Friction. When a cylinder rolls over a 
flat surface, the contact is theoretically along a 
generating line of the 
cylinder. Practically, 
however, the weight of 
the cy Under, together 
with the load it may 
support, causes a de- 
formation of both sur- 
faces. This deformation 
occurs in a greater or 
lesser degree with any friction. 

elastic material, and the 

cyhnder or roller sinks into the plate until the 
area of contact is sufficient to support the load. 
Obviously, if the contact were along a line, the 
intensity of pressure would be infinite. 

Referring to the sketch in Fig. 2, which illus- 
trates the deformation of a soft plate by a hard 
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roller, the material A forced up in front of the 
roller slides over the latter in a direction contrary 
to the direction of motion of its periphery. At 
the same time, the mass B, due to the elasticity 
of the material, in returning to its original form, 
slides forward with respect to the roller, and 
again in a direction contrary to the periphery. 
Thus the friction brought into play in both cases 
impedes the motion of the roller, and the laws of 
friction for dry surfaces are applicable. 

Ball Bearings. In ball bearings, endeavour is 
made to keep the curvature of the ball races as 
nearly equal to that of the balls as practicable. 
When the load is applied, the balls tend to flatten 
at their points of contact with the races, and the 
distortion which takes place depends on the relative 
curvature of the ball and race. If the deformation 
is excessive, the balls fail by their outer surfaces 
" shelling " off and, once this begins, the bearing 
is rapidly destroyed. 

The lubrication of ball bearings is discussed in 
Chapter VTH. 

Fluid Friction. The internal friction or vis- 
cosity of a fluid is the resistance set up to the free 
motion of the particles of the fluid over each 
other. It may otherwise be described as the 
resistance which the fluid offers to shearing forces. 
Maxwell's definition is : " The viscosity of a fluid 
is measured by the tangential force on unit area 
of either of two horizontal planes at unit distance 
apart, one of which is fixed, while the other 
moves with unit velocity, the space between the 
surfaces being rilled with the viscous substance." 



The property of viscosity is possessed by all 
fluids in varying degree, as may be observed by 
the ease or otherwise with which they flow ; thus, 
a certain volume of rape oil, at atmospheric 
temperature, will take over 100 times as long to 
flow from an orifice as an equal volume of watei 
at the same temperature. 

Consider two flat plates between which a fluid 
has been introduced, the lower plate being fixed 
and the other moving with a velocity v in a direc- 
tion parallel to its surface. There will be no flow 
of fluid relative to either plate in the immediate 
vicinity of its surface, i.e. the fluid at the surface 
of the fixed plate will be at rest, while that at the 
surface of the moving plate will have a velocity 
equal to v. 

In the apace between the two plates, the fluid 
may be considered as being made up of super- 
posed layers, and each layer will be moving at a 
velocity proportional to its distance from the 
fixed plate. As the fluid possesses viscosity, a 
continuously applied force is necessary to main- 
tain the constant velocity v of the upper plate, 
and this force is transmitted to the lower plate 
through successive layers of fluid. 

Let the total force producing motion be P, the 
area of the plate a, and the distance between the 
plates x. 

Then /, the intensity of the shear stress, is 
given by/ = Pja ; and, because in one second the 
distance travelled by the upper plate relative to 
the lower is equal to v, the shear strain is equal 
to vjx and is constant throughout the distance x. 

Now v/x is termed the rate of distortion, and 
the stress required to produce unit rate of 
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distortion is called the coefficient of viscosity 
and is usually indicated by r\. Thus — 

and for unit velocity v and unit distance x, r\ 
becomes equal to /. 

This is the true conception of viscosity, and it 
will be noted that it is a stress and is measured 
in stress units, i.e. in dynes per square centimetre. 

Viscous flow between planes is very important 
in lubrication, but too many practical difficulties 
are involved to enable it to be used as a method 
of determining the value of jj for a fluid, and 
consequently the determination is usually made 
by estimating the rate of flow of the fluid through 
a capillary tube of known dimensions. It is not 
within the scope of this book to enter into a dis- 
cussion on the theory underlying the flow of a 
fluid through capillary tubes ; it will be sufficient 
for the purpose in hand to give the results obtained, 
assuming lamina flow and absence of slip at the 
boundaries as in the case of parallel planes. 

It has been shown that the coefficient of vis- 
cosity varies directly as : (i) the fourth power of 
the radius, r, of the capillary tube ; (ii) the head, 
h, of fluid producing the flow ; (iii) the density, 
p, of the fluid ; and the time, tjV, taken for the 
efflux of unit volume ; and, inversely, as the 
length, I, of the capillary tube. 

If g represents the acceleration due to gravity, 
the coefficient of viscosity is expressed as — 



n = 



jpgkrH 



11 

Osborne Reynolds has demonstrated that there 
exists a certain critical velocity above which the 
flow changes in character from lamina to sinuous, 
or eddying motion in which the resistance to flow 
is proportional to the square of the velocity. He 
also found that for lamina flow the following 
equation must be satisfied — 



8ty< ' 



700 



In constructing a viscometer, the figure 700 is 
usually considerably exceeded. 

The viscosity of a fluid decreases with rise of 
temperature, and in the case of oils the decrease 
is frequently extremely rapid. Fig. 3 (p. 12) 
shows the variation with temperature for various 
oils of animal, vegetable, and mineral origin. 
The necessity for maintaining uniform and steady 
temperature throughout the oil, when making 
viscosity measurements, will be apparent on 
examination of these curves. 

Experiments* carried out by the author have 
shown that tho viscosity of lubricating oils is 
much affected by pressure. Increase in pressure 
is accompanied by a rise in viscosity corresponding, 
at 6 tons per sq. in., to four times the viscosity 
at atmospheric pressure in the case of vegetable 
and animal oils, and to anything between 8 and 
20 times the low pressure value of viscosity for 
oils of mineral origin. 

This increase is of importance, as in practical 
lubrication oil films are sometimes subjected to 
pressures of this order. 

• Proc Royal Socy., Vol. xovii, 1920. 
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Internal Friction of Semi-solid Substances. 
A semi-solid substance may be denned as a sub- 
stance which necessitates a definite stress to 
produce in it a continuous change of shape. A 
true fluid, although perhaps exceedingly viscous, 
will begin and continue to flow under the smallest 
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stress. To produce a, change of shape in a semi- 
solid substance, however, requires a definite 
stress. As examples, tallow, being a soft solid, 
will resist a small shear stress for an indefinite 
time ; pitch, however, which is almost a true 
fluid, will not do so, as may easily be demon- 
strated by placing a small weight on the surface 



of hard pitch contained in a barrel, when it will 
be observed that in time the weight will begin 

to sink and will finally disappear beneath the 



In lubricating with semi-solids, it would appear 
that the resistance to motion at starting would 
be considerable owing to solid friction, but that 
once the motion is begun the friction will 
approximate to that of a very viscous fluid. 



CHAPTER HI 

THEORY OF LUBRICATION 

When two lubricated-bewing surfaces are pressed 
together, the film of liquid between thorn is 
gradually squeezed out and the surfaces approach 
one another. If, however, the pressure exerted 
is not too great, the surfaces will be prevented 
from coming into contact by the properties which 
the liquid film possesses of intimately associating 
itself with the surfaces and entirely wetting them, 
and by the resistance of the film to rupture. 

When the load is increased sufficiently, rupture 
of the film takes place, the surfaces come into 
close contact, and any attempt to slide one over 
the other then results in seizing. 

On the other hand, if the load is such as to 
allow the retention of a perfect film of lubricant, 
the resistance to relative motion depends on the 
viscosity of the liquid film. 

Lubrication of Plane Surfaces. Case. I. Parallel 

Surfaces. In Fig. 4, the surfaces AS and CD 
are assumed to be of infini te area and to remain 
parallel to each other, the upper surface, AH, 
being fixed and the lower surface, CD, moving with 
a velocity corresponding to b'ef. If there is a 
lubricating film between the surfaces, the boundary 
of the film in contact with the lower one will be 
moving at the same velocity as that surface, and 
the boundary in contact with the opposing surface 
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will be stationary. The velocity distribution 
across the film may, therefore, be represented by 
the line Ac' ; and the velocity of any point in 
the film , such as a, be represented by aa' . 




In such a case, the resistance to relative motion 
is directly proportional to the viscosity of 
the lubricant and to the velocity, and inversely 
proportional to the distance between the surfaces. 



If now, the upper surface is of finite dimensions 
(Fig. 5), the fluid will approach the edge, A, of 
the fixed surface at a velocity equal to that of the 
moving surface and, because of the inertia of the 
fluid, the distribution of velocity across the film 
between the surfaces at /l is represented by the 
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curve Aa'c'. At the edge B, however, the vis- 
cosity of the fluid will have asserted itself and the 
velocity distribution may again be represented 
by the straight line Be. 

The volume of fluid flowing into the space 
between the surfaces is proportional to the area 
of the figure Aa'c'b' A, and that flowing out is 
proportional to Bcb ; 
_ Fixed the difference be- 

tween these areas 
represents the excess 
fluid which escapes 
in a lateral direction 
from both sides. 

The inertia effect 
of the fluid entering 
at the edge A pro- 
duces a force tending 
to separate the sur- 
faces and tends also to the maintenance of the 
oil film. 

Case II. Inclined Surfaces. In Fig. 6, C 
represents the moving surface and AB the fixed 
surface as before ; but, in this case, A B is 
inclined to the lower surface. 

Reasoning as before, it will be seen that, even 
neglecting inertia, the volume of oil entering at A 
is greater than that leaving at B, and the excess 
fluid escapes laterally. The excess fluid, being vis- 
cous, resists expulsion at the sides, and a pressure 
is produced which forces the surfaces apart. 

Osborne Reynolds has investigated mathe- 
matically the pressure distribution of the fluid on 
the upper surface, and has shown that the centre 
of pressure lies nearer the edge B than the edge A. 
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Journal-bearing Lubrication. Beauchamp Tower's 
experiments * demonstrated for the first time 
the necessity of applying the lubricant on the 
unloaded side of the journal. This method allowed 
a perfect oil film to form between the bearing and 
the journal, and the factional resistance was 
found to be considerably less than was the case 
when the oil was introduced through a hole 
near the point of maximum loading of the 
bearing, which was the common practice at that 
time. 

Tower also found that when a bearing had been 
running for some considerable time, the bearing 
brass became worn to a greater radius of curva- 
ture than the journal, and that when such wear 
had taken place, the factional resistance was 
reduced and a greater load could be carried. 

Osborne Reynolds attributed the greater capacity 
for loading to the wedging action of the lubricant 
described in connection with inclined plane 



Tower's experiments were made on a journal 
4 in. diameter, and the load was taken by a half 
bearing ; it was arranged that the lower side of 
the journal ran in a bath of oil. Tests were made 
at loads up to 500 lbs. per sq. in. and at speeds 
ranging from 100 to 450 r.p.m. The results of 
the tests showed the factional resistance to be 
approximately proportional to the speed, to vary 
considerably with the temperature of the bearing, 
but to remain constant for all loads up to the 
seizing load. 
The existence of a pressure film of lubricant 
* Proc. In»t. Mech. Engrs., 1883; and Phil. Trana., 
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entirely separating the shaft and bearing was 
established, and Beauchamp Tower measured the 
intensity of oil pressure at various points and 
found that the total vertical prossure was equal to 
the load applied. 

Osborne Reynolds applied hydrodynamical equa- 
tions to this case of lubrication, and evolved an 
equation giving the relation between the relative 
velocity of the bearing surfaces, the distribution 
of the oil pressure, and the thickness of the oil 
film. The results calculated from his equations 
agree very well with those found by experiment. 

Reynolds also obtained the result that the film 
was of the same average thickness for all moderate 
loads and, when the pressure of the oil film was 
everywhere positive, the film thickness was equal to 
half the difference in radii of journal and bearing ; 
and, further, that when the load was sufficient to 
decrease the film thickness below this value, the 
oil pressure on the "off" side of the bearing 
became negative and the film tended to break up.* 

W. J. Harrison f has investigated mathe- 
matically the case of a journal bearing in which 
the brass completely encircles the shaft, and he 
has shown that when the minimum thickness of 

* The part of the bearing which a point on the shaft 
traverses in passing from the unloaded to the loaded side 
is termed the " on " aide of the bearing : the other half 
of the bearing is termed the " off " side [see Fig. 8, p. 25). 
The division between the two aides is defined by a plane 
passing through and parallel to the axis of the shaft in 
the direction of the load. 

f " The hydrodynamical theory of the lubrication of 
a cylindrical bearing under variable load, and of a pivot 
bearing " : W. J. Harrison, M.A., Trans, of the Cambridge 
Phil. Soc, Vol. xiii, No. XVIII, p. 373-388. 
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the oil film is equal to half the difference in radii 
of the journal and bearing, the moments on the 
shaft and bearing are unequal, being in the ratio 
of 2 to 1. It follows from this that the accuracy 
of the values of coefficient of friction between 
surfaces obtained in testing machines in which a 
complete bearing is used, is open to question. 



CHAPTER IV 

MECHANICAL TESTING OF EUBRICANTS 

The mechanical testing of a lubricant should be 
effected in a machine which reproduces, as closely 
as possible, the conditions under which the lubri- 
cant is subsequently required to work. In this 
connection, particular care should be paid to the 
speed, load, temperature, and method of applying 
the lubricant, but other conditions, which may 
produce an important effect on the results 
obtained, may need to be represented. 

When the oil is required for lubrication at low 
speeds where the oiliness or greasiness is the most 
important factor, the testing machine should run 
at corresponding surface speeds and loads in 
order that the viscosity effect may be reduced 
to a mini ran ro value. 

If, on the other hand, the lubricant is to be 
used under conditions of complete or perfect 
lubrication at comparatively high speeds, the 
losses due to internal friction or the viscosity 
effect are the important factor to determine. 

Some types of testing machines are adaptable 
for determining the difference due to different 
combinations of bearing surfaces and, as this 
effect can only be demonstrated when there is 
partial metallic contact, a low speed is necessary 
in order to ensure that the effect of viscosity is 
reduced to a minimum. 
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Oil-testing Machines. One of the most common 
types of testing machine in general use is that in 
which the lubricant is introduced between a loaded 
bearing and a shaft. The latter is rotated and 
provision is made whereby the frictional moment 
on the bearing is measured. This class of 
machine, when run at moderate speed, is, how- 
ever, only useful in determining the relative 
Motional resistances due to the viscosity of the 
lubricants, and comparisons of this effect can 
almost equally well he made by determinations of 
their absolute or comparative viscosities. It is 
claimed for many machines of this type that it is 
possible to determine accurately the coefficient of 
frictional resistance, but this claim cannot always 
be substantiated, for in some designs there are 
errors inherent in the construction which render this 
measurement liable to very considerable inaccuracy. 

Trrorston Oil-testing Machine. A machine of 
good design and one which is in very general use 
is the Thurston oil-testing machine, manufactured 
by Messrs. Sir W. H. Bailey & Co., Ltd., and 
illustrated in Fig. 7. This machine consists of a 
shaft, A, mounted in two hearings attached to 
the main supporting frame, B. At one end, the 
shaft is overhung and carries the test-bearing, C, 
which consists of two half-bushes mounted on 
opposite aides of the shaft. These bushes are 
supported in position by the housing, D, to which 
the loading spring is attached. The brasses, with 
their housing, spring and spring case, form a com- 
pound pendulum, the inclination to the vertical 
of which gives a measure of the frictional resist- 
ance between the bearing and the shaft. The 
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loading arrangement can be seen clearly in Fig. 7. 
A tube, E, screwed into the underside of the 
housing contains the loading spring, and the closed 
lower end of the tube forms the abutment for the 
spring. The upper end of the spring presses, 
through a suitable plate, on the underside of the 
lower half-bearing, which is thus forced against 
the shaft, being resisted through the housing by 
the half-bush on the top side pressing downwards 
against the shaft. Thus the load on each half- 
bush is measured by the compression of the spring, 
and this can be adjusted by rotating the central 
spindle, F, carrying a collar, (?. The amount of 
compression in pounds is indicated by the scale 
on the tubular spring- container by a pointer con- 
nected with the collar, 0. The load can readily 
be released by rotating the nut, H, until it takes 
the thrust of the spring, the load then being 
reduced to the weight of the pendulum. <; The 
overhanging portion of the shaft is shrouded by 
a sleeve, K, which forms the true journal, and 
this arrangement enables various materials to be 
used for the revolving surface. 

In order that the bearing shall wear evenly 
over its whole length, and to assist in spreading 
the lubricant, a device is fitted which gives the 
bearing and its attachment a small reciprocating 
lateral motion. The housing of the bearing 
receives its motion from a small spindle, L, 
coaxial with and passing through the shaft, the 
latter being formed hoUow to receive it. The 
oscillating motion is given to the spindle by a 
small eccentric, M, driven through a worm reduc- 
tion gear, the worm being mounted on the shaft 
and the worm-wheel on the eccentric spindle. 



— Thurston's Oil Testing M*c 
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A thermometer, T, the bulb of which is 
immersed in a tube containing mercury, is pro- 
vided as shown, in order to ascertain the tempera- 
ture of the lubricant. The lower end of the 
thermometer tube passes through a hole pro- 
vided in the upper bearing bush and is separated 
from the journal by only a very small distance, 
so that the mercury and, therefore, the thermo- 
meter, readily follows the variation in temperature 
of the rubbing surfaces. 

Provision is made whereby the number of 
revolutions of the shaft and the f fictional 
resistance are recorded automatically. 

A belt pulley is provided on the shaft for 
running the machine, but it is more satisfactory, 
especially at low speed, to employ an electric 
motor and drive direct or through a flexible 
coupling, as the pendulum is apt to give unsteady 
readings if either the joint in the belt or the 
material of which the belt is made, is unsuitable. 

Each bearing block subtends an angle of about 
60° or 70° at the centre of the shaft. The spaces 
then left at the sides, where the shaft is exposed, 
are utilized for applying the lubricant, and the 
method selected for doing this can be varied from 
feed lubrication to bath lubrication. Mr. Archbutt 
feeds in the oil by means of tubes, each of which 
is drawn down at the end to a fine orifice through 
which is threaded a cotton wick, the latter being 
held in position by non-corrosive wire. The 
cotton wick is allowed to wipe against the journal, 
which it wets with oil. (See Kg. 8.) A needle, 
rolling on the shaft and held in position close up 
to the " on " side of the block, serves to spread 
the oil over the top of the journal. On the lower 
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block a small metal strip attached to the " on " 
side performs a similar function. 

The pressure on the bearing is calculated on 
the projected area of contact of the blocks. If 
both brasses have the same area of contact, the 
pressure intensities differ, as the upper brass sup- 
ports the weight of the pendulum in addition to 
resisting the load of the spring ; this difference, 
however, is only of importance when the load is 
small. 

The frictional resistance between the bearings 
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Fio. 8.— Method or Applying Lubricant rN Thurston's 
Machine. 

and the shaft causes the pendulum as a whole to 
swing out of the vertical, and this deflection is 
indicated on a scale, a pointer being attached to 
the pendulum. 

The indication of the pendulum for a given 
frictional force depends upon its weight and upon 
the distance of its centre of gravity from the axis 
of the shaft. When, however, the spring is 
adjusted, the radius of the centre of gravity of 
the pendulum is altered by a small amount, and 
the scale of frictional resistance cannot, therefore, 
be true for all positions of the spring unless an 



26 LUBBiCATIOH AND LUBRICANTS 

adjustable compensating weight is provided, 
which is usually the case. 

Determination ol Coefficient of Friction by 
Thurston's Machine. In general, the coefficient 
of friction is given by 



where F = total frictional resistance indicated on 

the pendulum scale, 
and L = load as indicated on the spring tube. 
For more accurate work, it is better to graduate 
the pendulum scale in degrees of arc, and to 
determine the coefficient of friction by calculation 
from first principles. 

Thus, if W — weight of the pendulum, 
F — total frictional force, 
= inclination of the pendulum to 

the vertical, 
R = radius of the journal, 
R l = radius of the centre of gravity 
of the pendulum, 
then FR= WR^mnd 
and F = WR, sin fl 



„ WR, sin l? 
Hence (i = -L- — 

Notes on Use of Thurston Machine. In order 
that the surfaces of the journal and bearing blocks 
shall not be damaged, it is necessary to apply the 
load only when the machine is running, and to 
release it before stopping. 
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The greatest care must be taken with the 
rubbing surfaces. The brasses must be bedded-in 
carofully, until contact takes place over the whole 
of the bearing surfaces ; otherwise heat would be 
developed locally and seizing would ensue. The 
preparation of the brasses takes considerable time 
and a certain amount of skill and, when once they 
are properly bedded and present a good surface 
to the journal, care must be taken to keep them 
so if good comparative tests are to be made. 
It is useless to continue testing if seizing once 
takes place, even though it may be slight, and it 
must be continually borne in mind that the fric- 
tional resistance obtained depends considerably 
on the condition of the rubbing surfaces. 

Mr. Archbutt has successfully adapted a large 
Thurston machine for running at very low speeds 
and under heavy loads. Under these conditions, 
results have been obtained which are quite inde- 
pendent of the viscosity of the lubricants ; such 
results may be considered much more valuable, 
as they indicate the true lubricating value of the 
lubricant and are not merely a measure of its 
internal frictional resistance. 

Goodman's Testing Machine for Bearing Metals 
and Oils. In this machine, a single- bearing brass, 
having a small arc of contact with the journal, is 
loaded through a lever system in such a manner 
that the brass and its housing are free to execute 
small oscillations about the centre of the shaft. 
Fig. 9 shows diagrammatic ally the arrangement 
of the machine. The shaft is supported by very 
large friction discs, W, with bearings of ample 
■ dimensions. The employment of these discs 
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eliminates the heat which is developed in ordinary 
bearings and which, by conduction along the shaft 
and by radiation, interferes somewhat with 
accurate measurements of temperature of the 
test bearing. 

Load is applied to the bearing by a jockey 
weight, C, acting through a double lever system. 
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The load is transmitted from the latter to the 
bearing housing by means of a turn buckle, D, 
and a linkage, E. The fcurnbuckle serves to apply 
and release the toad. 

The lever system is fitted with knife edges 
throughout, and it is essential that the knife 
edges and the plates on which they rest should 
perform their functions perfectly. 

The frictional torque on the bearing housing 
tends to revolve it in the direction of rotation of 
the shaft, but its symmetrical position is main- 
tained by adding or moving the small jockey 
weight, F, until the balance is re-established. 
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Both the load beams and the arm attached to 
the bearing housing are prevented from moving 
too far in either direction by suitable stops. 

Normally the turnbuckle link should be attached 
to the beam midway between the points of attach- 
ment of the two vertical links'. Any want of 
symmetry in this respect can be balanced at the 
measuring arms. If, however, the knife edges 
become damaged, the load may cease to act 
through a point which remains at a constant 
distance from the two link knife edges, and in 
this case the balance of the bearing housing is in 
error by an amount equal to the whole bearing 
load multiplied by the shift of the point of its 
application on the centre knife edge. If the load 
is great and the Motional resistance of the bearing 
small, the error produced in this manner due to 
the load shifting on the knife edge, after the zero 
has been taken, may effectually swamp the fric- 
tional measurement and render the results obtained 
useless. 

This error is inherent in this method of applying 
the load, but can be avoided in a considerable 
degree if care is taken that the knife edges are 
not damaged. 

Professor Goodman has obtained accurate 
initial adjustment of the main knife edges by the 
arrangement shown in Fig. 9. One of the knife 
edges is fixed to a lever, L, and by means of the 
screwed rod and lockouts shown at S, the knife 
edge can be slightly rotated in the end of the link , 
B, until its distance from the shaft centre is 
exactly equal to the distance of the centre of the 
shaft from the opposite knife edge. 

This machine is manufactured by Messrs. 
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Raehle Bros., of Philadelphia, U.S.A., and is used 
aa the U.S. Standard Machine. Fig. 10 shows the 
general view of the machine. 

Deeley Oil-testing Machine. This machine has 
been designed primarily for the study of the 
oiliness of lubricants and the variations in frie- 
tional resistance produced by different combina- 
tions of metallic surfaces. 

It consists essentially of a rotating dish, above 
which is supported a device for measuring and 
indicating torque. Of the two frictional surfaces 
to be experimented upon, one is in the form of a 
disc which rests on a revolving dish, by which it 
is rotated ; and the other takes the form of three 
small pegs projecting from the underside of a 
light carriage, to which they are firmly attached. 
The carriage is centred by a spindle on the axis 
of rotation of the disc, and is provided with two 
vertical arms, symmetrically placed about the 
centre, which engage in the torque measuring 
device above. The lubricant is placed in the dish 
so as to cover the experimental plate, and the 
carriage is placed in position, the opposing sur- 
faces being separated by a thin film of lubricant. 
When the dish is rotated, the frictional drag 
between the opposing surfaces causes the carriage 
holding the pegs to be rotated also ; but, in doing 
this the torque -measuring apparatus is engaged, 
and a gradually increasing torque is applied to 
the carriage. In due time, slip will occur, and 
the torque necessary to produce this slip 
is indicated. From the torque measured at 
the moment slip occurs, the static friction is 
calculated. 
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The machine is shown in Figs. 11 and 12. The 
dish b (Fig. 11) is driven through bevel gearing 
as shown, the pinion being attached to the shaft, g, 
which may be rotated either by hand with a small 
handle provided or by a small motor through the 
agency of reduction gearing. The lower experi- 
mental surface is shown at A (Fig. 12), and the 
pegs forming the opposing surface ore shown 
at B (Fig. 12). The frame or carriage, C (Fig. 11), 
to which the pegs are attached, is centred by 
the spindle, iS, three rollers held by the screws 
R (Fig. 12) forming a roller- bearing on the 
carriage. 

For varying the loads, equal weights, w, are 
provided, and each corresponds to an intensity 
of load of 10 lbs. per square inch when the pegs, 
B, are / s in. diameter. 

The vertical posts of the carriage are fitted with 
rollers which take a bearing on the arms of the 
crosshead -p. This crosshead is fixed to a vertical 
spindle, a, running in roller bearings. To the 
spindle is attached the centre of the spring, 0, the 
outer end of which is clamped to the frame of the 
machine. A train of wheels is provided on the 
torque spindle with the object of damping oscilla- 
tions due to rapid changes of the friction between 
the test surfaces ; that wheel, which rotates at 
the greatest speed relative to the others, is made 
with a heavy rim in order to increase its inertia 
and so assist further in damping. Two pointers 
are provided, one being fixed directly to the 
spindle and one on an auxiliary spindle rotating 
at ten times the speed. 

When slip takes place between the opposed 
surfaces, a thick oil film is formed between them, 
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the Motional resistance ia reduced very greatly, 
and the spring in giving out its stored energy 
tends to rotate the carriage at a high speed in the 
opposite direction to that in which it was previously 
moving. To prevent this action, in order to 
allow the maximum reading of the pointer to be 
taken, a ratchet is provided on one of the wheels 
in the train ; and a pawl, which can be raised at 
will, engages in the ratchet. 



The greatest care has been taken in the design 
of the machine to reduce the friction of the torque- 
measuring apparatus. The calibration of the 
torque spring is effected by replacing the cross- 
head by a pulley and applying a known torque 
to the spindle. The readings obtained on the 
scale are found to be exactly proportional to the 
torque ; and a scale of friction could be sub- 
stituted for that marked on the apparatus, in 
which one turn of the pointer corresponds to one 
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hundred divisions, if the zero of the spring is 
adjusted carefully. 

The preparation of the experimental surfaces 
presents considerable difficulty and, in order to 
obtain exact results, a fair amount of experience 
with the machine is necessary. The surfaces must 
be ground under water and every trace of abrasive 
removed. At the same time, both disc and pegs 
must be kept perfectly fiat, and every endeavour 
must be made to produce in comparative experi- 
ments the same degree of polish, and this, as 
experience shows, must be a very high polish. 
The rubbing surfaces, after having been prepared 
in this way, will readily seize together and should 
not be allowed to slide over each other under load. 
Once seizing has taken place, however slightly, 
the friction will be increased considerably. Seiz- 
ing is indicated by scratches on the faces of the 
pins and on the disc. 

This machine is at present in a more or less 
experimental stage, and the difficulties experienced 
in preparing the friction surfaces will undoubtedly 
be reduced considerably. Recent experiments on 
various lubricants, and with different combina- 
tions of metallic surfaces, go to show that very 
reliable and useful information on the relative 
values of lubricants can be obtained by its use.* 

The Dainiler-Lanchester Worm Gear-testing 
Machine. This machine has been used at the 
National Physical Laboratory with some success 
as a means of measuring the differences due to 
lubricants under conditions of extremely high 

* For results of tests carried out by the author on the 
Deeley Machine see Engineering, June, 1920. 
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load. The machine was originally designed by 
Dr. F. W. Lanchester, F.R.S., for the determination 
of efficiencies of worm gears at the Coventry Works 
of the Daimler Co. It was later presented to 
the National Physical Laboratory, where it is 
now installed. 

It is proposed here to give a short description 
of this ingenious machine and to discuss in 
Chapter VII some results which have been 
obtained by its use in testing lubricants. 

A diagram of the apparatus is shown in Fig. 13. 
The worm gear is contained in the box, A, which 
is held in a special frame, BB, consisting of two 
large Motion discs, BB, joined by bridges B l B l . 
The gear box proper is provided with trunnions, 
on an axis parallel to that of the worm, which 
are carried in ball bearings mounted in the 
bridge pieces. The friction discs are supported 
on four small ball bearing rollers, enabling the 
gear box and the frame to rotate about an axis 
parallel to the axis of the worm-wheel. Thus 
supported, the worm-wheel can execute small 
oscillations about two axes parallel to the worm 
and worm-wheel axes respectively. 

When power is transmitted through the gear, 
the reaction torques on the gear box tend to 
make it to rotate, but this tendency is checked 
by a load, P, hung from the knife edge, K. It will 
be seen from the sketch that the load hangs from 
a bracket fixed at right angles to the end of the 
torque arm, G, which is attached rigidly to the 
gear box. The load thus supported produces a 
moment about both axes of rotation. Considera- 
tion will show that, by varying the horizontal 
distance of the knife edge, E, from the axis of 
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the worm, the gear box may be balanced for 
any load. 

If we assume that the efficiency of the gear box 
is 100 per cent and the gear ratio, say, three to 
one, then the torque about the axis of the worm 
will be one-third of that about the axis of the 
worm-wheel. The balancing load being the same 
for each torque, the distance, KG, will be one- 
third of the distance GO, i.e. if GO is 24 in., then 
KG will be Sin. 

In practice, of course, the efficiency of the gear 
is less than 100 per cent, and the knife edge 
carrying the load on the bracket, GK, will need 
to be shifted from the 8-in. mark until balance 
of the gear box is restored. The movement of 
the load with respect to the worm axis is controlled 
by a micrometer screw gear. 

The efficiency of the gear is obtained from the 
ratio of the theoretical distance of the load from 
the worm axis (assuming 100 per cent efficiency) 
to the actual distance measured. Thus, if balance 
is obtained when the distance, KG, is, say, 8-55 in., 
then the efficiency = 8-00/8-55 = S3 -5 per cent. 

The worm is driven from the pulley, R, through 
a cardan shaft provided with special ball-bearing 
universal joints. The drive is taken from the 
worm-wheel through a similar shaft to the bevel 
box, E, where it is again turned through a right 
angle. The ratio of the bevel gear is of the same 
order as that of the worm gear under test, but the 
wheel is made the driving member and the shaft, 
L, therefore, runs at approximately the same 
speed as the worm shaft. The shaft, L, is pro- 
vided at each end with universal couplings, one 
of which allows the shaft considerable lateral 
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motion. The pulley, M, is mounted in a vertical 
swinging frame pivoted some 2 ft. below the shaft 
axis, and a screw gear is provided which controls 
the angle that this frame makes with the vertical 
and, therefore, the distance apart of the pulleys 
M and N. By this means the tension of the 
belt can be adjusted to and maintained at any 
desired value, and the power transmitted through 
the worm gear can be varied within fine limits. 
The belting arrangement not only provides a 
means of adjusting the load ; the pulleys, M and 
JV,-are selected of such diameters that the peri- 
pheral speed of M is slightly in excess of that 
of N ; and, when this is the case, the power 
transmitted round the circuit, consisting of the 
worm shaft, worm gear, wheel shaft, bevel gear, and 
belt, may be as much as ten times the power required 
to drive the machine from an external source. 

A little consideration will show how this object 
is achieved. When the belt is slack, the power 
transmitted through the worm gear is determined 
by the resistance to motion of the worm-wheel 
shaft, the bevel gear and the pulley, M, together 
with the resistance of the various bearings 
supporting them. 

When the belt is tight, assume, firstly, that it 
is so tight that there can be no slip over the 
pulleys, M and A" ; and, secondly, that the 
worm shaft and the shaft, L, are constrained by 
the worm and bevel gearing to run at the same 
speed, and that the pulley M is slightly greater 
in diameter than the pulley, N. Under these 
conditions, if the worm shaft is turned, the first 
part of the initial revolution will take up all the 
back lash in the gears and then one of two things 

4—(S398) 
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must happen : either the belt must slip, as it 
cannot run over pulleys constrained to move at 
different peripheral speeds, or the worm teeth 
must shear. (It is assumed, of course, that the 
worm gear is the weakest unit in the machine.) 

We have, therefore, the two extremes ; the one, 
when the belt is quite slack, of extremely little 
power transmitted through the gear, when running 
at any speed ; and the other, of load sufficient to 
shear off the wheel teeth. Obviously between 
these two limits the belt can be adjusted to corre- 
spond with the transmission of any power through 
the worm gear, within the limits for which the 
machine is designed. It will be noted that the 
power required to drive the machine is only the 
power lost in the gear boxes, bearings, and at the 
surfaces of the pulleys due to the belt friction. 
The machine is driven by a 15 h.p. petrol motor 
which provides sufficient power to drive the 
machine when the pressure between the gear teeth 
corresponds to the transmission through the gear 
of as much as 150 h.p. 

In making a test of efficiency, weights are hung 
from the knife edge to produce the required torque, 
and the machine is run up to speed. The belt is 
then adjusted until the weight is lifted, and the 
gear-box is balanced about the worm-wheel axis. 
Adjustment of the knife edge position is then 
made by means of the screw gear provided, until 
the balance is obtained about the worm axis and 
the position for balance is noted. 

Suitable stops are provided to confine the move- 
ments of the gear box within reasonable limits, and 
heavy dashpots to prevent violent oscillations due 
to variations in belt grip and other causes. 
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The machine requires to be set up accurately, 
in order to ensure that the angle between the 
shafts leading to the worm and from the worm 
wheel shall be exactly at right angles. 

For loads up to from 60 to 80 h.p. at 1,600 r.p.m., 
an absolute accuracy of ± 0-2 per cent on 
efficiency is obtained, and differences in efficiencies 
can be determined to within one -half of this 
amount. 

When used for testing oils, the lubricant is 
contained in a tank, from which it is pumped 
up through a flexible pipe to the top of the gear 
box and run in over the worm-wheel. A free 
outlet is provided near the bottom of the box, 
and the excess oil returns to the tank. Circu- 
lating in this manner provides a means of regu- 
lating the temperature of the lubricant, which 
is very necessary when the efficiency varies 
considerably as the oil becomes hot. 

Iron-constantan thermocouples are fitted at both 
inlet and outlet, but at ordinary speeds there is 
no appreciable difference in the temperatures 
recorded. 

Fig. 14 shows the arrangement of the gear box. 
The screw gear for shifting the load is not shown, 
but is fixed to the bracket, X, and shifts the load 
backwards and forwards at right angles to the 
surface of the paper. 

The hall bearings supporting the trunnions on 
the gear box and the friction discs will be noted, 
and it will also be seen that these allow for 
oscillations in directions at right angles. 

Recent work on lubrication, which has been 
carried out on this machine for the Department 
of Scientific and Industrial Research, is described 
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in Chapter VII. There can be no doubt that the 
machine truly represents conditions of lubrication 
in which the pressure on the lubricating film is 
of very great intensity, and that the results of 
experiment which have been made are applicable 
to most forms of gearing. 



CHAPTER V 



Measurement of Viscosity. The most accurate 
and reliable method of determining the viscosity 
of a liquid is that employed by Poiseuille, and 
by Thorpe & Rodger, which consists, in deter- 
mining the rate of flow of the liquid through a 
capillary tube under known conditions of pres- 
sure and temperature. An absolute viscometer 
of this type has been employed by Mr. W. F. 
Higgins, of the Physics Department of the 
National Physical Laboratory,* and reference to 
his work should be made for a complete descrip- 
tion of the apparatus and some results obtained 
by its use. 

The apparatus employed is shown in Fig. 16, 
and consists essentially of a U-tube, the vertical 
limbs of which are about 2-cm. bore, connected 
at their lower ends by a capillary tube of 
known dimensions. The U-tube is completely 
immersed in a water-bath provided with an 
electric-heating coil and a stirrer, and by regula- 
tion of the current through the heater the 
temperature can be maintained at a constant 
value within 0-2° C. for a considerable period. 
The vertical limbs of the U-tube are etched with 
horizontal lines near the top and bottom, and the 

* " On the Methods and Apparatus used in Petroleum 
Testing," Part II — Viscometiy, by W. P. Higgins, 
A.R.C.S0., B.Sc. : Petroleum World, July, 1913. 
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volumes between the upper and lower marks are 
determined accurately. 

The viscometer is filled with liquid up to the 
level of marks placed centrally between the upper 
and lower marks on the vertical tubes. In carry- 
ing out an experiment, it is arranged, in the first 



Viscometer. 

place, that the liquid shall stand level with the 
upper mark on one tube and, therefore, with the 
lower mark on the other. The tube in which the 
liquid is at the high level is next placed into com- 
munication with a large reservoir containing air 
under pressure, and the liquid is driven down the 
tube and through the capillary, rising in the 
adjacent tube. The time of transit of the meniscus 
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from the upper to the lower mark is observed by 
means of a stop-watch. It will be observed that 
the pressure causing the flow is made up of the 
pressure due to the air and the difference in head 
of the liquid in the two limbs of the U-tube. 
Consideration will show, however, that if the 
tubes are of equal bore and the distances between 
the marks in the two tubes are the same, the 
pressure due to the liquid head will assist the 
flow while the liquid is falling from the upper 
level to the central mark, and resist the flow when 
the liquid falls from the central mark to the lower 
mark, and, therefore, its average value will be 
zero. The air pressure is maintained practically 
constant by the employment of a large air 
reservoir, and its intensity is determined by a 
manometer. Certain corrections have to be made 
for inequalities in the volumes between the marks 
of the two tubes, as it is difficult in practice to 
obtain tubes of precisely the same diameters. 

The absolute viscosity is calculated from the 
pressure and the rate of flow as described in 
Chapter I. 

Commercial Viscometers. The absolute visco- 
meter is not used extensively in the oil trade. 
It is replaced by an instrument in which a certain 
quantity of oil, at a known temperature, is allowed 
to flow through an orifice or short tube, the time 
of flow being measured. The time of outflow is 
compared with that obtained under the same 
conditions for a standard liquid with the same 
instrument, and the number expressing the ratio 
of the times of outflow is termed the " viscosity." 
Very frequently the " viscosity " is expressed 
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simply as the time of outflow find in seconds. 
It mast be borne in mind, however, that the 
value of the viscosity expressed either as a time 
or as a ratio is dependent upon the particular 
instrument in which the tests are made. Abso- 
lute viscosity is, as shown in Chapter II, a shear 
stress, and should be expressed in shear units. 

Of three types of viscometers in common use, 
the Redwood is used in Great Britain, the Engler 
in Germany, and the Saybolt in America. A 
diagram of the Redwood instrument is given in 
Kg. 16. 

In all three types, the oil is contained in a cup 
provided with an indicator or mark for the initial 
level of the oil. The cup is supported in a bath 
containing oil or water, the temperature of which 
can conveniently be regulated. When the oil is 
at the required temperature, it is allowed to flow 
out through the orifice into a graduated flask 
beneath the instrument, and the time taken for 
the outflow of a standard volume is measured by 
a stop-watch. 

Redwood Viscometer. In using the Redwood 
instrument (Fig. 16), the following precautions 
must be observed if accurately comparative 
results are to be obtained. 

In the first place, the oil cup must be perfectly 
clean. It should be washed out with benzine 
and afterwards with ether. The agate jet should 
be cleaned with the same solvents and finally 
scoured inside with a twist of tissue paper. The 
greatest care must he observed in preserving the 
sharp edges to the ends of the orifice, as the 
slightest chipping of these will ruin the jet. The 



Fia. 18,— Redw. 
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apparatus must be levelled by means of the 
screws and level provided for this purpose. 

The water bath should be filled with water 
before filling the oil cup, in order to avoid splash- 
ing water into the oil cup, which is very likely 
to occur if the reverse process is adopted. It is 
best to fill the oil cup a little above the filling mark 
and run off the superfluous oil just before com- 
mencing a test, in order to ensure that the jet 
should contain oil at the same temperature as 
that in the cup. This operation should be 
repeated at each temperature at which tests are 
made. 

The flask used for receiving the outflowing oil 
should be placed quite close to the bottom of the 
jet to guard against a draught of air blowing the 
stream of oil against the neck of the flask and so 
obscuring the meniscus as it passes the graduation 
on the flask. 

In raising the temperature of the bath, it is 
advisable to take it a little above the temperature 
required, in order to raise the temperature of the 
oil more quickly. At the same time, the thermo- 
meter dipping into the oil cup may be used as a 
stirrer. 

The bulb of the oil cup thermometer should be 
placed sufficiently low in the cup to enable it to 
record the true temperature when the desired 
amount of oil has been run out, but care should 
be taken that it is not placed low enough to 
impede the flow through the orifice. 

Mr. Higgins has found that, in order to obtain 
results to an accuracy of 1 per cent, it is necessary 
to set the initial level of the oil to within 0-7 mm. 
of the filling mark. 
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Formulae for Commercial Viscometers. The 
IJedwood viscometer number is obtained thus ; 
" The number of seconds occupied by the out- 
flow of 50 cu. cm. of the oil is multiplied by 100 
and divided by 535, the average number of 
seconds occupied by the outflow of 50 cu. cm. of 
rape oil at 60° F. from the apparatus. The result 
is multiplied by the specific gravity of the oil at 
the temperature of testing and divided by 0-915, 
the specific gravity of refined rape oil at 60° F." * 
The number obtained represents the " viscosity " 
in terms of rape oil under the same conditions. 

If t) be the absolute viscosity of the liquid 
under test, T the time of outflow of 50 cu. cm., 
and p the specific gravity of the liquid, then the 
value of « in C.G.S. units may be determined by 
the following equations — 

For the Redwood Viscometer — 

For the Engler Viscometer — 

0-001435 r- ^ "\ 



7=^0-0 



For the Saybolt Viscometer — 

,-,(lWJf-f) 

In Fig. 3 (p. 12) is shown the variation of viscosity 
with temperature for various oils of animal, 
vegetable, and mineral origin. 

Fig. 17 shows the value of Viscosity/Density 
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(jj/p) for times of outflow up to 1,000 sees, for the 
three instruments, Redwood, Engler, and Say- 
bolt. The dimensions of orifice and the volume 
of outflowing oil in each instrument are as shown 
in Table I. 

TABLE I 
Dimensions or Orifice and Volume oy Oil 

FOR Commercial VISCOMETERS ' 



Viscometer. 


Orifice: 
Length x Dlam. 


Volume ol 
Outflowing Oil. 


Engler . 
Saybolt . 
Redwood . 


20 X 2-8 to 2-9 
13 X 1-8 
10 x 1-8 


200 
60 
60 



Specific Gravity. The density of a substance 
is defined as its mass per unit of volume. 

The ratio of the mass of any volume to the 
mass of an equal volume of water at the same 
temperature is called the specific gravity. 

Thus, density is expressed in units of mass 
(pounds or grammes) per unit volume (cubic 
inches or cubic centimetres), but specific gravity 
is simply a number. 

Determinations of specific gravity may be made 
by the use of the specific gravity bottle, or with a 
hydrometer or by means of the specific gravity 
balance. It is not proposed here to give a 
detailed description of the various methods 
employed ; for these the student is referred to 
text-books on Physics, and to the work of Messrs 
Archbutt & Deeley on the s 
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The variation in specific gravity with tempera- 
ture is important in the determination of absolute 
viscosity, and typical examples of this variation 
for temperatures up to 100° C. are given in Fig. 18. 

Cold Test The " cold " or " pour " test of an 
oil consists in a determination of the temperature 



at which the oil changes from the liquid to the 
solid state. As the temperature is reduced, most 
of the fixed oils and some of the mineral oils 
deposit solid fats or waxes ; but in the case of 
Russian oils, in which no definite solids are 
deposited, the oil becomes more and more 
viscous, and forms a soft jelly which will not flow. 
The method of test employed consists of placing 
in a freezing mixture a test tube containing the 
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oil to be examined, and observing the temperature 
at which the oil ceases to now. This temperature 
may be observed either by gradually reducing the 
temperature and noting the thermometer reading 
when the oil begins to set, or by initially cooling 
the oil until it is well set, and then removing 
it from the freezing mixture and noting the 
temperature at which the last trace of solid 
disappears. If there is no considerable difference 
between the setting and melting temperatures 
thus determined, the mean of the two readings 
may be taken. In any case, the method adopted 
should be specified in order to avoid confusion. 

Emulsiflcation. In cases where it is not possible 
to prevent the access of water to a lubricant, as 
in turbine gearing and in steam cylinder lubrica- 
tion, it is essential that the oil and water shall 
readily separate after having been shaken vigor- 
ously together. Some mineral oils when treated 
in tins manner, especially if a trace of lime be 
present, form a thick emulsion which ultimately 
becomes a "tacky" mass, totally unfit for 
lubrication. 

Turbine gears used in ships cannot be cleaned 
out at frequent intervals, and partial emulsifica- 
tion of the lubricant not only means inefficient 
lubrication, but loss of a large quantity of 
valuable oil. 

In cases of steam cylinder lubrication, if the oil 
emulsifies, it is not deposited in the oil separator, 
but is carried away by the exhaust steam in 
infinitesimally small emulsified globules and 
deposited in the condenser or carried on to the 
boilers. As, however, emulsification of cylinder oil 
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nearly always exists in a slight degree, specially 
designed apparatus is used for extracting both the 
separated and emulsified oil from the feed water. 

Flash Point— Open Test Determinations of the 
" open " flash point can readily be made by using 
a small porcelain crucible and a Band bath. The 
crucible should be about 2 in. diameter and 1 in. 
deep, and the sand bath should be deep enough 
to allow the crucible to be embedded, so that the 
lip just appears above the surface of the sand ; 
silver sand should be used. The bath is sup- 
ported on a tripod and is heated from below by 
means of a Bunsen burner. A thermometer 
should be supported vertically in such a manner 
that its bulb is central with and about J in. above 
the bottom of the crucible. The oil under test 
should reach to within about J in. of the crucible 
top. The test flame is best made up from a piece 
of small bore brass tubing, connected to a gas 
regulator by means of which the size of flame is 
regulated. 

In carrying out an experiment, the flame is 
passed across the surface of the crucible every 
time the temperature of the oil has risen a few 
degrees. It is essential that the flame should not 
touch the oil, although it should pass very near 
its surface. When a flash occurs, a small bluish 
flame will pass over the whole surface of the oil. 
At the first flash the temperature is noted ; this 
is the " open " flash point. If the heating is 
continued, a temperature will be reached at which 
the oil continues to burn, and this temperature is 
defined as the " firing " point. 

Values obtained by this method are only 

S— (5398) 
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approximate, and are always considerably 
higher than those obtained by using a standard 
Hash point apparatus. 

Hash Point— Closed Test Two types of instru- 
ment are in common use for tins test, namely, the 
Gray and Pensky-Martens, but the latter is the 
better designed apparatus, and is more convenient 
to handle at high temperatures. The Pensky- 
Martens apparatus consists of a brass cup fitting 
loosely in a cast-iron vessel, by which it is sup- 
ported in such a manner as not to touch on either 
the sides or the bottom. The cup is closed at the 
top with a cover fitted with a perforated slide, 
and a spring lever is provided which, when turned, 
rotates the slide until its perforations correspond 
with similar perforations in the cover. The test 
flame is caused to dip through a central opening 
into the air space above the oil in the cup. A 
double stirrer is provided, with vanes in both the 
oil and in the air space above it. A thermometer 
dipping into the centre of the body of the oil 
indicates its temperature. A by-pass is fitted 
over the test flame, which avoids the necessity of 
continually relighting the gas jet. 

In order to obtain consistent results, the 
following points must be observed — 

1. The positions of the stirrers must be adjusted 
so that they properly perform their functions, one 
of stirring the oil, and the other of stirring the 
mixture of oil vapour and air above the oil. 

2. The size of the test flame must be kept 
constant. 

3. The rate of heating the oil must not be too 
rapid, and the heater should be regulated so 
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that the Tate of rise in temperature, when near 
the flashpoint, may be reduced. 

4. The stirrers should be used before applying 

the test flame. 

5. In using the apparatus, it is best to make a 
preliminary experiment in order to ascertain the 
flash point of the oil under test within a few 



Constitution of Lubricating Oils. In order to 
ascertain the purity, composition and suitability 
of oils to be used as lubricants, it is necessary to 
carry out a chemical examination, in addition to 
the physical tests (i.e. viscosity, flash point, etc.). 

Before describing the chemical examination, 
it may be as well to indicate the chemical con- 
stitution of oils in general use as lubricants. For 
this purpose, the oils can be divided into two 
main classes : (1) Mineral oils and greases ; (2) 
vegetable and animal oils and fats. The mineral 
oils and greases consist generally of a more or less 
complex mixture of hydrocarbons which do not 
contain oxygen, and are stable chemical com- 
pounds, not easily attacked or decomposed by 
chemical reagents. The vegetable and animal 
oils, on the other hand, consist usually of mixtures 
of what are known as glycerides — stearin, palmitin, 
and olein being the best known. Most of the 
fatty oils are composed of a mixture or com- 
bination of these three glycerides in varying pro- 
portions together with, in the case of individual 
oils, proportions of similar and more complex 
compounds ; for instance, rape oils contain the 
glycerides of rapio and erucio acids. 

One important exception to the general rule is 
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castor oil, consisting mainly of a glyceride known 
as triricinolein, which accounts for some remark- 
able differences between its properties and those 
shown by other fixed oils. 

Unlike the mineral oils, the fatty oils contain 
oxygen, and are susceptible in varying degree to 
the action of chemical reagents. Thus they can 
be hydrolyzed, or split up, with the formation 
of glycerol and the liberation of fatty acids, 
which latter combine with alkali to form soaps. 
Advantage is taken of this fact in the determina- 
tion of the " saponification " value described 
later. 

The fatty oils can be divided roughly into two 
classes ; (a) those consisting of saturated com- 
pounds ; (b) those containing a greater or less 
proportion of unsaturated or volatile compounds. 
To the latter belong the drying oils, which, owing 
to the presence of these unsaturated compounds, 
combine readily with oxygen, free iodine, etc. 
The action of iodine is used in the determination 
of the "iodine value." 

Chemical Testa Applied. The chemical examina- 
tion which is usually carried out, includes the 
determination of acidity, saponification value, 
Hehner value, Beichert and Reichert-Meissl values, 
acetyl value, and iodine value. 

Various tests are also made to determine the 
liability to oxidation and gumming, and colour 
reactions are employed to detect the presence of 
rosin oil, rosin acids, cholesterol, etc. Also, the 
presence of a soap other than an ammonia soap 
may be estimated by the percentage of ash 
contained. 
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Acidity. The acidity of a lubricant may be due 
to the presence of : (1) Free fatty acid, which 
exists naturally in small quantities in most vege- 
table oils, or may be produced by decomposition 
in vegetable or animal oils ; (2) rosin acids pre- 
sent in rosin oil ; (3) organic acids present in 
crude mineral oils ; (4) free mineral acid used in 
refining the oil and not properly washed out 
during the process. 

Experience has shown that the acidity due to 
free fatty acids in oils used as lubricants must not 
be greater than 4 per cent, calculated as oleic 
acid, otherwise there is excessive corrosion of 
metallic surfaces with which the oils come into 
contact. 

The total acidity is estimated as a rule by 
shaking up a known weight of the oil with neutral- 
ized rectified spirit and titrating with a standard 
solution of caustic soda, using phenol phthalein as 
indicator. The acidity is expressed in terms of 
oleic acid, 1 cu. cm. of normal caustic soda being 
equivalent to 0'282 grm. of oleic acid. 

Free mineral acid, which is rarely present, is 
determined by shaking a known weight of the oil 
with hot water and titrating the cold aqueous 
solution in a manner similar to that described 
above, but using methyl orange as the indicator 
instead of phenolphthalein. The result is expressed 
in terms of sulphuric acid, leu. cm. of normal 
caustic soda solution being equal to 0049 grm. 
of sulphuric acid. 

The nature of the min ora.! acid present may 
be ascertained by evaporating the solution 
to small bulk and applying the usual tests 
for acids. 
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Saponification Value. The saponification value 
serves to distinguish between mineral oils on the 
one hand and vegetable or animal oils or waxes 
on the other ; and as the latter in the pure state 
have characteristic values which have been deter- 
mined by experiment, it also serves as a valuable 
means of identification of the individual pure oils, 
fats, or waxes. The saponification value may also 
be used to determine approximately the propor- 
tion of a mineral oil in a compound oil. It depends 
on the fact that when vegetable or animal oils, 
fats or waxes, are heated with solutions of caustic 
alkalies, they are decomposed or saponified with 
the formation of soaps and glycerol or wax alcohols. 

The saponification or " alkali " value may be 
expressed as the quantity of caustic potash 
required to saponify unit quantity of oil, and is 
usually given in milligrams of potash per gram 
of fat. 

Hehner Value. The percentage of insoluble 
fatty acids contained in a vegetable or animal oil 
or fat is known as the " Hehner value." Some 
oils contain naturally a considerable proportion 
of soluble and volatile fatty acids, and in the case 
of " blown " oils there takes place a partial con- 
version of the insoluble acids into soluble and 
volatile acids. The determination of the Hehner 
value, therefore, serves to detect the presence of 
such oils. 

Reicbert & Reichert Meissl Values. These 
values represent the proportion of soluble and 
volatile fatty acida, and may be required only 
occasionally for the detection of blown oils. 
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Acetyl Value. The acetyl value is useful in the 
analysis of castor oil and in the examination of 
unsaponifiable matter for wax alcohols. 

Iodine Value. This test takes advantage of the 
fact that certain oils containing unsaturated fatty 
acids absorb or combine with definite proportions 
of iodine. The determination of the iodine value 
affords a very reliable means of identifying fatty 
oils and of ascertaining their proportions in a 
mixture of different oils. 

Gumming. Fatty Oils. A good comparative 
test of the gumming properties of fatty oils may 
be made by weighing, in similar watch glasses, 
equal quantities of the oils to be examined and 
exposing them in an oven, to a constant tempera- 
ture (preferably 100° C.) for a few hours. After 
being heated, inferior oils will be found to have 
increased in viscosity, and this may be observed 
by noting the ease with which they flow com- 
pared with a standard sample, similarly treated. 

A similar test may be made by heating the oil 
for some time on a small sheet of plate glass, the 
glass having been previously heated above 100° C. 
to eliminate moisture. Samples must be exposed 
to the same constant temperature for equal times 
and allowed to cool. 

Mineral Oils. Thickening of mineral oils may 
occur due to the evaporation of volatile hydro- 
carbons. The plate-glass test may be made, but 
the period of heating must be considerably greater 
than for the fatty oils, in order to give reliable 
results. Concentration of tar, rosin, or asphaltic 
matter may render the oil sticky when tested in 
this way. 



CHAPTER VI 

SOLID LUBRICANTS 

Action of Solid Lubricants. The introduction of 
solid lubricant in the form of finely divided powder 
between dry surfaces has the effect of filling up 
the irregularities of the surfaces and acting as a 
smoothing agent. The solid friction between the 
surfaces is thus replaced by the lesser friction 
between surfaces, one (or both) of which is com- 
posed of the solid lubricant. The particles of the 
lubricant possess little cohesion, and seizing, there- 
fore, is far less likely to be brought about than in 
the case of metallic surfaces. 

Bearings operating under low pressures and 
speeds, and those which have to be placed in 
inaccessible positions where they are not likely 
to receive much attention, can with advantage be 
lubricated with solid substances. 

The solid lubricant should possess the property 
of adhering to metallic surfaces, and should be 
capable of producing a smooth surface. 

Common Solid Lubricants. The most common 
solid lubricants are graphite, mica, talc, and 
flowers of sulphur. Of these, graphite, mica, and 
talc possess a tough, flaky structure which enables 
them to resist pressure without disintegration. 
Graphite exists also in an amorphous form, and 
in this form it can easily be crushed into a fine 
powder. 
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Graphite. Graphite is found in the natural 
state in both the flaky and amorphous forme, and 
can be so Termed as to contain 99-5 per cent pure 
carbon. In the variety known as No. 1340, the 
particles are less than s ^ in. in diameter. Dr. 
Acheson manufactures a colloidal graphite, in 
which the graphite is disintegrated into extremely 
fine particles and diffused in either water or oil. 
The products are known as the " Aquadag " and 
" Oildag " brands respectively, and it is estimated 
that the size of the particles of graphite in these 
products is only ono-thousandth that of the 
particles in No. 1340 graphite. 

Mica. All micas are complex silicates contain- 
ing potassium, aluminium, and magnesium. They 
are found in the natural state, and are character- 
ized by the ease with which they split into thin 
laminae. 

The mica used for lubricating purposes is usually 
that which flakes off when large blocks are being 
split up for the many purposes for which this 
substance is used. 

Talc. Talc occurs naturally in flaky, compact 
masses. It has a greasy touch and is very soft ; 
it varies in colour from pearly- or silvery-white 
in the soft varieties to green in the harder forms. 
Soapstone and French chalk are varieties. 

Flowers of Sulphur. This is a fine crystal- 
line powder, occasionally used for treating hot 
bearings. 

Addition of Solid Lubricants to Lubricating Oils. 
When graphite is mixed with an oil for lubricating 
purposes, the immediate effect is to increase the 
frictional resistance between the opposed surfaces, 
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This effect, however, is only temporary unless an 
excess of solid lubricant is present, in which case 
the accumulation of the solid particles tends, in 
some measure, to act as an abrasive. After con- 
tinual running, the coefficient of friction is reduced, 
depending upon the ease with which the solid 
attaches itself to the surfaces to form a smooth 
coating. It is not, however, in the running or 
kinetic friction where one usually expects an 
improvement, but in the starting or static resist- 
ance. As stated above, the solid lubricant 
improves the condition of the surfaces by filling 
up the irregularities and pores, and it is the 
smoothness of the surface which is the chief 
factor governing the ease of starting under 
load. 

If surfaces remain at rest under load for sufficient 
time to allow the oil film between them to be 
squeezed out, the surfaces come into metallic con- 
tact. Any subsequent motion must, in its initial 
stages, take place without lubrication, incurring, 
therefore, the risk of abrasion and seizure. The 
presence of a solid lubricant prevents the metallic 
contact and at the same time reducos the effort 
required at starting. 

Graphite and Oil Mixtures. Experiments have 
been made on the Daimler- Lanohester worm gear- 
testing machine (p. 35) with mixtures of graphite 
and oil. The results of the tests show that the 
mineral oils are improved by the graphite when 
used either in the flaky form or as " Oildag." 
The f rictional loss in the gear is reduced to a value 
almost equal to that obtained for the animal 
and vegetable oils ; and, further, the critical 
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temperature* ceases to be well marked, although a 
falling off in efficiency of the gear occurs above a 
certain temperature. One point brought out by 
the teste, however, is that slightly more abrasion 
of the bronze wheel was noticed when the flake 
graphite was used. 

For many purposes, the use of a mixture of 
flaked graphite with oil would result in much 
saving of lubricant and, indeed, in more efficient 
lubrication. In steam cylinder lubrication, a 
considerable saving of oil may be effected, result- 
ing in a reduction in the quantity of oil reaching 
the boilers. " Aquadag " has been used success- 
fully for this purpose, and this opens up the 
possibility of using the exhaust steam, which in 
this case is free from oil, for heating, drying, or 
washing purposes. In the mechanically-operated 
lubricator designed by Mr. L. Chapman, and 
patented by Messrs. Chapman & Knowles, a 
mixture of fine graphite and glycerine is used for 
cylinder lubrication. The giaphite is impregnated 
with hydrocarbons insoluble in glycerine before 
mixing, and the result is a mixture in which the 
particles of graphite remain in suspension, and 
which can be pumped into the cylinder in the 
usual manner. 

The use of graphite and graphite oil mixtures 
for internal combustion engines is under investiga- 
tion, and no definite conclusions have yet been 
reached as to their value, 

* Mineral oils when tested in the Daimler-Lanchester 
worm gear testing machine show a characteristic falling 
off in efficiency above a definite temperature depending 
on the nature of the oil. This temperature has been 
termed the " critical " temperature by the author for 
the reasons explained on pp. 77-79. 
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Graphite mixtures may with advantage he used 
in gear boxes, for driving chains, and many other 
similar purposes where there is sufficient splashing 
of the oil to keep the graphite in suspension. 

An increasing amount of evidence goes to show 
that by the use of solid lubricants with lubricating 
oils, a considerable saving can be effected, and 
this is no doubt due to the fact that the fractional 
resistance of the rubbing surfaces is decreased by 
their increased smoothness. 



CHAPTER VII 

RECENT DEVELOPMENTS IN LUBRICATION 

Recent developments in lubrication include 
improvements in bearings, and extended know- 
ledge concerning the lubricating properties of 
particular lubricants and the advantages derived 
from adding fatty to mineral oils. The progress 
achieved in each of these directions is reviewed 
in this chapter. 

Ordinary Thrust Block. In the ordinary type 
of multi-collar thrust bearing, the rubbing surfaces 
are forced together by the load and always remain 
parallel to each other. 

A number of collars is used in order to reduce 
the intensity of the pressure on the oil film to a 
value which experience has taught must not be 



In practice, however, it is somewhat difficult 
to ensure that each individual collar of the bear- 
ing carries a correct proportion of the load and, 
as slight errors in adjustment cause the load 
intensity to be greatly increased locally, the 
bearing as a whole is a constant source of trouble 
and, in fact, has become notoriously so. 

Unless the lubricant is supplied at a pressure 
great enough to keep the rubbing surfaces apart, 
the lubricant will be squeezed out, allowing 
metallic contact to take place. 

At whatever point of the bearing the oil is 
applied, it spreads out from that point over a 
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large surface and is finally exuded through open- 
ings, the area of which exceeds many times the 
area of the oil inlet. As the bearing surfaces 
remain always parallel to each other, the oil film 
must of necessity be of the same thickness through- 
out ; the oil, therefore, cannot be supplied at a rate 
sufficient to maintain a continuous film between 
the surfaces, a defect which it is not possible to 
remedy by any special design of oil grooves. 

Michell Thrust Block. In Chapter III, the 
lubrication of an inclined plane was discussed, 
and it is on the principle there explained that the 
Michell thrust block is designed. 

In this thrust bearing the stationary surface is 
divided into a number of segments, each of which 
is supported in such a manner as to enable it to 
rock over until the angle between it and 
the moving surface is that necessary for the 
maintenance of a pressure oil film. 

In order that the bearing may adapt itself to 
variations of speed, load, and lubricant, the seg- 
ments are allowed a liberal degree of freedom 
to rock. 

Figs. 19 and 20 show two methods of sup- 
porting the bearing sectors ; it will be noticed 
that the pivot point or line, as the case may be, 
is somewhat behind the centre of area of the 
segment. 

As in this bearing the solid friction is entirely 
replaced by fluid friction, it is only to be expected 
that the coefficient of friction of the bearing as a 
whole is but a small fraction of that of ordinary 
thrust bearings. 

The frictional resistances depend on the speed, 
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the area of the bearing surfaces, and on the 
viscosity of the oil used. The lubricant should, 
therefore, have as low a viscosity as possible, 
consistent with maintaining a perfect oil Sim. 

As the work lost in the bearing is due solely to 
shearing of the lubricant, the temperature of the 
latter increases. In some instances, the radiation 
of heat from the bearing- casing is sufficient to 




Fio. 19. — Line Pivot. Fiq. 20. — Point Pivot. 

Supports loi Sectors In Michel] Thrust Bearing. 

keep the oil at a reasonable temperature ; but 
bearings are fitted with oil -cooling systems in which 
either the oil is circulated, or the bearing is run 
in an oil bath provided with water-cooling pipes. 

As the result of a large number of teste, it has 
been demonstrated that the Michell thrust bearing 
will safely carry a load of 500 lb. per sq. in. of 
bearing surface, the coefficient of friction being 
0'002. Usually, however, the bearing is designed 
to work at pressures between 200 and 300 lb. per 
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sq. in. The ordinary thrust bearing cannot 
usually be loaded over 501b. per sq. in., and its 
Motional resistance is at least ten times that of 
the Michell block. 

The theory underlying the design of this bearing 
is fully explained by A. G. M. Michell in an article 
on " The Lubrication of Plane Surfaces " published 
in Zeitsehrift fur Mathematik und Pkysik, vol. 
50, pp. 97-155. 

Table II gives the results of a series of tests 
carried out on a Michell thrust bearing by Messrs. 
Michell Bearings, Ltd., Newcastle-on-Tyne, and 
Kg. 21 shows a dismantled thrust block made by 
this firm. 







TABLE II 




Tests ok 


a Michell. Thrust Bearing 










Coefficient of 


on Bearing 
Surfaces 


R.P.M. 


ft/iec. 


Temp, of 
0U*F. 


Friction. 




Ib./sq. in. 








Observed. : Calcn.ated. 


187 


1,400 


13-44 


48 


0-0142 1 0-017 


187 


1,400 


13-44 


105 


0-00475 0-0063 


373 


1,400 


13-44 


lie 


0-00304 0-0037 


660 


1,400 


13-44 


123 


0-00236 1 0-00269 


746 


1,400 


13-44 


130 


0-00177 i 0-0021 


1,000 


1,400 


13-44 


137 


0-00142 0-00172 



Messrs. Broom " & Wade (High Wycombe), 
manufacturers of the Michell bearing, under license 
from the patentees, Michell Bearings, Ltd., give the 
following details of a test made for the British 
Admiralty — 

Thrust . . 20,0001b. 

Intensity of load . 400 lb. per sq. in. 

Speed ... 460 r.p.m. 

Coefficient of Motion 00015 
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The Michell Journal Bearing. The essential 
feature of the Michell journal bearing * is the sub- 
division of the bearing brasses into a number of 
sectors, each pivoted at its back so that it may 

Spherical Seating 



. 22. — Michell Jot 



be free to tilt at a small angle to the journal. 
The principle involved is the same as that utilized 
in the Michell thrust bearing, viz., the formation 
of a pressure film of oil between the rubbing 



Fig. 22 shows an experimental bearing in which 
there arc twelve sectors. On reference to the 
transverse cross -sectional view, it will be seen 
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that the bearing blocks bear against a spherical 
seat, thus allowing the bearing as a whole to 
swivel about its centre. Suitable stops are pro- 
vided to overcome the tendency of the sectors 
to rotate with the shaft. The housing is formed 
hollow (as shown aA, A), and the oil is fed under 
pressure through holes in the spherical seating 
opposite to the space between, the bearing blocks. 
Tests on a bearing of 12-in. diameter gave the 
results shown in Table III. Each run was 



Tests 


ON 12- 


TABLE III 
n. Michell Journal Beabino 




R.P.M. 


Ft./Min.: 


Temperature of Oi 




l'rwsurs: 
Lb./sq. In. 


Inlet. 

■i. 


Outlet. 
°F. 


of Friction. 


220. 
600 
900 


615 

618 

1,320 


1,930 

1.940 
4,140 ; 


„ 

70 


101 

93 
117 


0-0054 
0-0034 
00034 



continued until the temperature of the bearing 
assumed a constant value. 

Fig. 23 shows an adaptation of the Michell 
journal bearing for a vertical shaft. The bearing 
surfaces consist of four " brasses," shown in 
detail at A, which are provided on the back 
with spherical surfaces at a and b struck from 
the same centre. These spherical surfaces are 
cleared, as shown in the plan view at /, in order 
that the brasses may tilt through a small angle 
and allow oil to enter between them and the shaft. 

A cone, C, serves to hold the brasses in position 
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in the housing and also affords a means of 
adjusting the running clearance. 
Oil which is contained in the reservoir, G, 




Detail at A . 

Fiq. 23.— Michell Bearing for Vertical Seatt. 

revolving with the shaft, enters a nozzle, D, 
and is forced up an oil channel to the top of the 
bearing. A small valve at the top of the channel 
controls the supply. After passing through the 
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bearing, the oil again enters the reservoir, and 
thus a continuous circulation is secured so long 
as the shaft is running. 

Experiments on the Manchester Worm-gear 
Testing Machine. The author has carried out 
experiments on this machine at the National 
Physical Laboratory with the object of establishing 
the difference in lubricating properties of lubricants 
derived from various sources. The tests were 
made for the Committee of Lubricants and Lubrica- 
tion for the Department of Scientific and Industrial 



The lubricants selected for the work included 
oils of mineral, vegetable, and animal origin. 
These oils were not specially purified for the 
teste, but were commercial samples of average 
quality. 

At the commencement of each test, the worm- 
gear box, oil tank, and connecting pipes were 
thoroughly washed out with petrol or other oil 
solvent, a final washing being made with a small 
quantity of the lubricant to be tested. 

Weights corresponding to the required torque 
were hung on to the load pan and the machine, 
driven by a petrol motor, was run up to the 
desired speed. The machine was allowed to run 
for a few minutes before the belt was adjusted 
and the load applied, the oil meanwhile circu- 
lating through the gear-box. The temperature 
having become steady, the belt was tightened 
and the load applied. The gear-box was then 
balanced by adjusting the position of the slider 
on which the weights were hung, and the position 
as indicated by the micrometer attachment was 
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noted, together with the readings of the thermo- 
couples. The belt -lightening arrangements bad 
continually to be adjusted slightly, in order to 
keep the load lifted and the gear-box gently 
oscillating abont its level position. The load 
being thus applied constantly, the loss of power 
in the box showed itself by a slow rise in 
temperature of both the gear-box and the oil 
under test. The rate of rise in temperature was 
governed somewhat by the rate of flow of oil 
which was allowed. When the load was small 
and the normal running temperature of the gear 
low, heat was applied to the oil tank, in order 
to raise the apparatus to any higher temperature 
which was desired. 

When the load was high, sufficient heat was 
generated in the gear-box to raise the temperature 
up to 100" 0. 

Careful tests were made to determine the effect 
of the efficiency of the gear due to circulating the 
oil in the box in the manner described. It was 
thought that churning the oil would affect the 
efficiency, but the results of comparative tests 
with maximum and minimum oil supply did not 
appreciably differ, owing no doubt to the very 
Nmooth internal construction of the gear casing 
and the absence of pockets and webs which could 
obstruct the free movement of the lubricant. 

In the first series of tests made, the load was 
such that the mean value of the distributed pres- 
sure on the worm-wheel teeth was 1J tons per 
sq. in. This value is calculated on the assump- 
tion that the worm is in contact with the wheel 
over the whole face of a tooth at once. Although a 
convenient method of defining the tooth pressure, 



RECENT DEVELOPMENTS IN LUBRICATION 77 

this assumption very greatly underestimates 
the actual intensity of the load. The area of 
contact between worm and wheel is small, contact 
taking place practically along a line, and the load 
intensity is, therefore, very considerable. It has 
been shown that the bronze worm-wheel teeth 
actually flow under the enormous pressures to 
which they are subjected, the wheel increasing 
slightly in diameter over the tips of the teeth. 

It must be observed that in a worm gear any 
part of the worm is only in contact with a partic- 
ular tooth of the wheel for a short period, and 
both the worm and wheel are continually pre- 
senting to each other freshly lubricated surfaces. 
It is possible, therefore, that there is some wedging 
action of the lubricant between the opposed sur- 
faces, a thin film being formed which is not 
entirely squeezed out during the short period for 
which contact endures. It would appear, there- 
fore, that although the film is necessarily a thin 
one because of the great intensity of pressure, 
viscosity will be a factor in the lubrication, 
although not perhaps an important one, the 
lubricating quality of a thin film depending on 
its oiliness. 

It was found that of the oils tested, the results 
of the tests on mineral oils showed certain charac- 
teristics not shown by the oils of animal and 
vegetable origin. 

Variation of Efficiency with Temperature. Usually 
the efficiency of a gear for a mineral oil was lower 
than when a fixed oil was used. The efficiency 
values plotted on a temperature base (Fig. 24) 
show in the case of mineral oils a more or less 
sudden falling off at a particular temperature, 
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called the " critical temperature." In the case 
of sperm oil, a falling off was observed, but it 
occurred gradually. When the critical tempera- 
ture of the mineral oils was reached, the machine 
became difficult to operate, the efficiency falling 
too rapidly with a small rise in temperature to 
allow steady results to be obtained. With some 
mineral oils, violent oscillations were set up in 
parts of the machine, indicating the critical point 
even when the fall in efficiency was neither sudden 
nor of great amount. 

In Fig. 24, the variation in efficiency of the gear 
with temperature is plotted for various oils. 
Castor oil gives practically a constant efficiency 
of 95-5 per cent, corresponding to a coefficient of 
friction * of 0-0225 ; and lard and rape oil give 
an efficiency of 95 per cent, the coefficient of 
friction being 0025. 

In the case of the mineral oil No. 1, the efficiency 
maintains a nearly constant value of 94-1 per cent 
(coefficient of friction 00295) until a temperature 
of 46° C. is reached. Above this temperature, the 
efficiency rapidly falls off, but again assumes an 

* The value of tho coefficient of friction, fi, between 
the surfaces of worm and wheel teeth is calculated from 
the equation 



where /i = tan & 

tj> = angle of friction, 

e= efficiency, as a fraction (not per cent). 
This equation, when the efficiency is high, reduces t 
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approximately steady value of 91 -5 per cent 
(ft = 0'0425) above 70° C, at which temperature 
the test was stopped, as there was a possibility 
of damaging the worm gear. The same charac- 
teristic curve of efficiency -temperature is shown 
by all the mineral oils tested and, although the 
critical temperature is not well marked in some 
of the curves, it was always apparent during the 
testa by the behaviour of the machine. 

Viscosity and Efficiency. Table IV gives the 
results of a few tests on this machine, and it will 
be seen that the viscosity of the oil is little or no 
guide to its value as a lubricant under the condi- 
tions of these tests. When the increase in vis- 
cosity due to pressure is taken into account, and 
the results are plotted on a viscosity base instead 
of a temperature base, there is still no definite 
relation between the internal friction of the 
lubricant and the efficiency of the worm gear. 

Experiments similar to those described above 
were made at a tooth load of 2 tons per sq. in. 
and at a speed of 1,500 r.p.m., and similar 
differences between the oils were observed. 

Effect of Mixing Bape OH with Mineral Oil. 
For this investigation, Mineral Oil No. 1 (Fig. 24) 
was selected as being typical. A test was first 
made on the mineral oil, which was then allowed 
to cool to atmospheric temperature. The test 
was then recommenced and, when the machine 
was running steadily and a perfect balance of the 
gear-box obtained, a quantity of rape oil corre- 
sponding to 5 per cent mixture was added to the 
oil tank and stirred vigorously with the mineral 
oil. In a short time, the balance was disturbed 
and a readjustment had to be made, showing an 
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alteration in the efficiency due to the addition of 
the rape oil. 

The results of these tests are shown in Fig. 25. 
The very slight rise in efficiency by adding the 
rape oil will be noticed, but what is more important 
than this insignificant rise is the raising of the 
critical point of the lubricant from 46° C. to 55° C. 
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The curve for a 10 per cent mixture shows a further 
small increase in efficiency due to the additional 
rape oil, and practically the same critical tempera- 
ture as for the 5 per cent mixture. This effect of 
raising the critical temperature was found to be 
the same for other oils of mineral origin, the 
critical point in one case rising 18° C. 

These tests demonstrate what for many years 
has been found in practice to be the case, that 
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the addition of a small quantity of fatty oil con- 
siderably improves a mineral oil. Tests on 
mixtures up to 25 per cent rape oil were made, 
but it was found that the addition of 2| per cent 
of the fatty oil was almost as effective as the 
25 per cent mixture. 

Further tests were made on the addition of 
graphite, and the general conclusions reached are 
noted on pp. 64-66. 

Improving the Lubricating Properties ol Mineral 
Oils by Addition of Fatty Oils. The teste described 
above show that the addition of a small percentage 
of fatty (animal or vegetable) oil to a mineral oil 
has the effect of reducing in some degree the 
f notional losses. 

In 1916,* Irving Longmuir carried out important 
experiments on surface films, and came to the 
conclusion that the adsorption of liquids at the 
surface of a solid body was the result of unsaturated 
chemical forces at the surface. The adsorbed 
layer he estimated to be only one or two molecules 
thick. He explained the fact that animal and 
vegetable oils spread over the surface of water, 
while mineral oils do not, as being due to the 
presence of an " active group " in the molecules 
in the former case and its absence in the latter. 

Dr. H. S. Allen, M.A., has pointed outf that 
the most efficient oil will be that which will most 
readily spread over a metallic surface to form a 
lubricating layer, and that its " oiliness " will 
depend not on its viscosity or compressibility, 

* Journal Amer. Ghent. Sac, Vol. xxxviii, p. 2221, 
1916. 

t Journal Soc. Oltem. Ind., 1920 
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but on " the chemical forces called into play 
between the active part of the oil molecule and 
the solid surfaces of the bearing." This being the 
case, the value of the lubricant will depend on its 
nature and on the material 
of which the surface is 
formed. 

Messrs. Southcombe & 
Wells have made numerous 
experiments in order to 
ascertain the reason for the 
superior lubricating qualities 
of the fatty oils over the 
pure mineral oils.* 

They have measured the 
surface tension of oils 
against water, using the 
apparatus shown in Fig. 
26. This consists of a 
U-shaped capillary tube pro- 
vided with a ground glass 
orifice at A and a bulb at 
B. The long limb of the 

and Wells's Apparatus U-tube is provided, above 
mo't""™™ Oils tfle DU ^ D ' "t 1 "* n a a *Op- 

arainst water. cock, D, the tube at its 
upper end being drawn down 
to a fine orifice at C. The apparatus is sup- 
ported with the ground glass orifice, A, under 
the surface of water contained in a beaker. 

The apparatus is rilled up to the mark E with 
the oil to be tested and, when the stop-cock is 
opened, a very small flow of oil is obtained from 




V. : 
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A. The number of drops produced by a given 
volume of the oil is counted, the number being 
inversely proportional to the interfacial tension, 
against the water, of the oil under test. 

A large number of testa showed that the 
measured tension was very much less in the case 
of the fatty oila than in the case of the mineral oils. 

Taking the value of the tension of the mineral 
oils against water as 100, the value for rape oil 
was found to he 68, for lard oil 73, and for 
cocoanut oil 59. 

Similar experiments on oils with and without 
fatty acids gave the results shown in Table V. 

TABLE V 

Comparative Surface Tension op Oils 

Against Water 



OIL 


Free 
1 Fatty Acid 
' Content. 


Tenalnn 


Pure mineral 


1 nil 


100 


08% mineral, 2% fatty acid 




BO 


97% mineral, 3% fatty acid 


2-8 


78 


Olive oil . 


2-2 


80 


Olive oil 


4-5 


72 


Olive (neutral) . 


0-1 


K 


Rape oil . 


2-5 


78 


Rape (neutral) . 


0'15 


B3 


_ _„ 


_ 


— _ _ 



The effect on the lubricating value of a mineral 
oil treated with fatty acids is demonstrated by 
some experiments carried out by Mr. L. Archbutt 
on a Thurston oil-testing machine. For the pur- 
pose of these tests, the machine was run at a load 
of 270 lb. per bq. in. and at the low speed of 
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7 it. per min., as, under these conditions, the 
effect of " oiliness " is best demonstrated. 

The mineral oils were treated with " Tonicol," 
a preparation containing 25 per cent of free fatty 
acid, and supplied by Messrs. The Henry Wells 
Oil Co., Ltd. The tests showed that the reduc- 
tion in the friction effected by the addition of 
2£ per cent of " Tonicol " was equal to that 
obtained by adding 10 per cent of ordinary 
commercial rape oil. 

Mr. Archbutt made similar tests on mixtures 
of mineral oil and rape oil fatty acids, the results 
of which are given in Table VI. Other tests on 
rape and mineral oils gave the results shown in 
Table VII. 

TABLE VI 

comparative friction of mineral oll 

with Various Percentages of 

Rape Oil Fatty Acids 



Mineral Oil. 


Rape Oil 
Fatty Acids. 

% 


'"vbIm VB 

of Friction. 

% 


100-0 
99-5 
99-0 
98-0 


nil 
0-6 
1-0 
2-0 


100 
76 
08 
64 



As a result of their experimental work, Messrs. 
Southcombe and Wells came to the conclusion 
that a satisfactory explanation of " oiliness " 
was to be found in the lowering of the interfaciai 
tension between oil and water by the presence of 
free fatty acid. This conclusion, however, is 
hardly justified in view of Archbutt's data in 
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Table VII, which show that neutral rape oil is 
almost as effective in reducing the friction as is 
acid rape oil. 

TABLE VII 



Mineral 
Neutral rape 
Acid rape, 2-4% free 
fatty acid 



There ia no doubt, however, about the friction- 
reducing value of free fatty acid, as will be seen 
from the data in Table VIII, obtained from experi- 
ments carried out with the Deeley oil -testing 
machine on mild steel surfaces. 

TABLE VIII 

Static Coefficient op Friction Bktween Mild 
Steel Surfaces with Various Oils 

Description of Oil. j Coefficient 

I of Friction. 

Pale mineral oil (paraffin base) . . 0-227 

Pale mineral oil + 2% " Tonicol " . . 0-160 

Pale mineral oil + 4% " Tonicol " . 0-153 

Bed mineral oil (paraffin base) 0-191 

Red mineral oil + 2% "Tonicol" . . 0-136 

Red mineral oil + 4% "Tonicol " . . 0-120 



The treatment of mineral oil with " Tonicol," 
in the manner described, has been termed by 

Messrs. Southcombe & Wells, the " Germ Process." 



CHAPTER VIII 



Lubrication of Steam Cylinders. The magnitude 
of the internal f notional losses of a steam engine 
depends largely upon the degree of lubrication of 
its piston and valves. Indeed, the steam con- 
sumption of an engine running without internal 
lubrication may be as much as 10 to 20 per cent 
greater than when ample lubrication of these 
parts is provided. 

With internal lubrication of a condensing engine, 
however, very great care must be taken to ensure 
that the lubricating oil is hot returned to the 
boiler. The presence of the oil in the boiler may 
lead to considerable local overheating, resulting, 
perhaps, in the collapse of furnace tubes or other 
serious damage ; and for this reason many marine 
engines are run without internal lubrication, in 
spite of the loss of power which results not only 
from the increased friction, but from the leakage 
of steam past the pistons. 

Exhaust Steam Oil-separators. The dangers due 
to oil in the boiler feed water may be partially 
overcome by the employment of an oil -separator. 
This apparatus consists usually of a large vessel 
containing a series of baffle plates and vanes 
against which the exhaust steam impinges. The 
comparatively large volume of the vessel ensures 
a reduction of the steam velocity, resulting in 
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partial condensation of the steam and the pre- 
cipitation of most of the oil present. The baffles 
are so arranged that the steam is sent round a 
sinuous path and comes into contact with a series 
of vanes on which the oil is deposited, and from 
which it drains away into gutters and finally to 
the base of the vessel, from which it is drawn off. 



In cases where oil -separators are not used, the 
feed-water is purified either by filtering it through 
asbestos fibre and similar substances, or by 
chemical means, the latter method being used 
where feed-water softening plants are installed. 

"jManzel " Force-feed Oil Pump. A modern 
type of cylinder lubricator is that shown in 
Figs. 27 and 28, and known as the " Manzel " 
lubricator. It consists essentially of a small 
force-pump, with a regulating plunger which 
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delivers oil to a second pump, by which it is, in 
turn, forced through a cheek valve into the oil 
pipe line. Referring to the sectional view in 
Pig. 28, the regulating plunger, R, is reciprocated 
by the small eccentric on the shaft, O, through 



the crosshead, C. This plunger sucks the oil 
from the reservoir (in which the whola pump is 
immersed) through a strainer, and delivers it 
through the piston valve shown. By adjusting 
the position of the plunger with respect to the 
crosshead, the quantity of oil pumped can be 
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regulated within fine limits. The oil ia delivered 
through the tube, D, to the vertical pipe, E, and 
the passage of the oil, in drops, can be" observed 
through the glass cover, F (Fig. 27). The main 
plunger, A, also connected to the crosshead, 0, 
thus delivers only that quantity of oil which it 
receives from the regulating pump and which 
can be observed. 

The small piston valves employed are so fitted 
as to be very easily accessible. The check valve 
is designed to prevent the steam from backing into 
the oil lines, and to keep the pipe filled with oil. 

The pump is operated by means of a lever 
actuating a ratchet and pawl mechanism, on the 
eccentric shaft, the lever being connected to some 
oscillating part of the engine. 

The operating mechanism is enclosed in the oil 
reservoir, and is thus protected from dust and dirt. 

The lubricator is fitted with a small handle for 
use before starting the engine or when a larger 
supply than the normal feed is required whilst 
the engine is running. The quantity of oil 
delivered may be adjusted from one drop to every 
four strokes of the plunger to about 12 drops 
per stroke. 

Application of Lubricant in Steam Cylinders. 
The common method of introducing the oil into 
a steam cy finder is either directly through the 
cylinder walls or through the steam chest. In 
either case, it is questionable whether the oil gets 
distributed over the surfaces of the cylinder and 
the valves and, in all probability, a considerable 
part of it is swept out by the exhaust steam 
before it performs its proper function. 
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In order to overcome this difficulty, the oil is 
sometimes admitted to the steam pipe, near the 
steam chest, through a tube of special design 
termed an "atomizer." This tube is so fixed 
that it protrudes to the centre of the steam pipe, 
where the oil comes into contact with the steam 
moving at the greatest velocity. Under these 
conditions, the oil is broken up into minute 
particles and dispersed through the steam, and 
is thus carried to the walls of the cylinder and to 
the valve seatings. This method has been 
applied successfully by Mr. T. C. Thomsen to 
steam engines of many types. 

" Scientific " Mechanical Lubricator. Another 
form of sight-feed lubricator, introduced by Mr. 
A. Kirkham, is illustrated in Fig. 29. As in the 
case of the " Manzel " apparatus, there is a 
flooded pump operated from a shaft which is 
oscillated by a motion-rod from the engine. The 
example illustrated is a four-feed lubricator of 
1 gall, capacity. 

Attached to the rocking shaft are two levers 
or pendulums with special projections. The ends 
of the pump plungers are pressed hard against 
these projections by means of springs which 
operate the plungers on the suction stroke. By 
this arrangement the pump mechanism is kept 
free from backlash, as is essential if uniformity 
of oil supply is to be maintained. 

The arrangement of the pump valves can be 
seen on reference to the figure. On the suction 
stroke, the oil passes through the cock, O, up 
through the inlet valve, V, down the sloping oil 
passage and into the pump barrel. During the 



Fig. 29. — ■" Scientific" Mechanical Lobbicatoe. 
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pressure stroke, the oil is forced up through the 
second ball valve, F„ down the second sloping 
oil passage, and up through the valve, P, which 
is held on its seat by a spring. The oil then rises 
through the nozzle, B, and up through the water 
column, whence it passes through the check 
valve, R, to the engine. A wire stretched 
vertically from the nozzle, B, confines the oil 
to the centre of the water column, thus preventing 
the sight glasses from becoming oily and per- 
mitting the passage of the lubricant to be seen 
clearly. The stroke of the plungers can be 
adjusted in order to regulate the supply of oil as 
required, and this operation may be performed 
while the lubricator is working. 

The lubricant is supplied to the apparatus 
through the top cover, and is strained before 
entering the glass container. 

As will be seen from the figure, the valves are 
easily accessible for the purposes of inspection. 

Lubrication of Automobile (tear Boxes. The 

lubrication of the ordinary automobile gear-box 
may be effected simply and efficiently by allow- 
ing the teeth of the gears on one shaft to dip into 
troughs in which the level of the lubricant is 
maintained. Failing this, it will generally be 
sufficient to put into the box such a quantity of 
oil that the larger gears dip into it ; this, in a 
gear box of the ordinary type, will be such that 
the level of the oil is about half-way between the 
bottom of the box and the shaft axis. It is a 
great mistake either to put too much oil into 
the gear box, or to use a very thick oil or 
a grease. 
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In 1914 the author carried out some experi- 
ments * on a 32-h.p. Leyland gear-box with the 
object of determining the effect on the efficiency 
of power transmission due to the viscosity and 
also the quantity of lubricant used. A sectional 
view of the gear-box is shown in Fig. 30. 

In these experiments, the gear box was sup- 
ported in a tilting frame in such a manner that 




it could oscillate through a small angle about the 
axis of the driving shaft. The torque on the 
driving shaft and the reaction torque on the gear 
box were measured, the power transmitted being 
absorbed by a friction brake. This method of 
test is much superior to the usual method of 
determining the ratio of "input" to "output," 
as it determines the loss of power directly and not 
as a difference of two large quantities which may 
be themselves so much in error as to establish 
considerable doubt as to their difference. The 
* "Notional Phyaical Laboratory Report, 1914-15." 
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efficiency determinations were estimated to be 
accurate to within 0'2 per cent. 

The results of the experiments showed that 
considerable loss of power resulted when the level 
of the oil in the gear-box was higher than about 
midway between the bottom of the box and the 
shaft centre. (See Fig. 30.) The maximum 
efficiency, 97-5 per cent, was obtained with the 
oil just below this level. With the box about 
half-full of oil, level with the shaft centre, the 
efficiency was 94 per cent. When the oil level 
was midway between the shaft centre and the 
top of the largest gear, the efficiency obtained was 
only 90 per cent. Further addition of oil rapidly 
lowered the efficiency, until, when the box was 
quite full, the efficiency fell to 75 per cent. When 
the box was more than half full, the temperature 
of the oil rose rapidly, but the figures for efficiency 
quoted above were all taken when the temperature 
was 110° F. 

This simple experiment shows that there is a 
loss of power of 25 per cent when the box is full 
of oil, compared with only 2^ per cent, or one- 
tenth of the amount, when the box is one-quarter 
full. Further experiments at different speeds and 
loads, and with different oils, showed conclusively 
that the power loss above 2J per cent was due 
entirely to the work done on the oil by the gear- 
ing ; in fact, the gear-box acted as an admirable 
fluid-friction brake when filled with oil. 

So far as the gearing alone is concerned, a thin 
oil of good lubricating value is the most desirable 
lubricant to use. Generally, however, an oil of 
medium viscosity is chosen because of its being 
less liable to leak past the shafts and also because 
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of its tendency somewhat to deaden the " ring " 
of the gears. 

The use of very thick oil or grease is particularly 
undesirable, especially if the gears are running at 
high speeds, because of the viscous friction set up. 
In the case of very thick greases, the gears at high 
speed simply carve a path in the grease and get 
rid of all they initially retain by squeezing during 
meshing, and by centrifugal force, leaving the 
gear teeth bereft of lubricant. 

The loss of power in spur-gear boxes, when too 
much oil is used, is in a great measure due to the 
vigorous stirring of the oil produced by the two 
sets of gear wheels rotating in opposite directions, 
and by resistance to free motion of the lubricant 
set up by internal webs and pockets. In the case 
of a worm-gear box, the power lost when the box 
is full of oil is not appreciably greater than when 
a small quantity of oil is used, provided the inside 
of the box follows the contour of the worm and 
wheel, and is free from webs and projections. 

Live Axle Lubrication. For the Teason already 
explained in the case of gear boxes, the rear axle 
casing of a motor car should not be crammed with 
lubricant, particularly if the drive be made through 
bevel gearing. Sufficient oil of medium viscosity 
to ensure a wetting of the rubbing or rolling 
surfaces is infinitely preferable to a back axle 
casing filled with oil or grease. The use of forced 
lubrication, by fitting a plunger pump and sup- 
plying oil under pressure to all bearing parts and 
to the gear teeth in a spray, has been advocated, 
and there is no doubt that this is an excellent 
way of lubricating the live axle. 
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Universal Joints, Steering dear, Suspension, etc. 
In the design of universal joints and similar parts, 
it is too often assumed, when the lubrication is 
considered, that it is only necessary to provide 
access for oil or grease to some part of the spindle 
. or bearing requiring lubrication. Consequently, 
it is not unusual to find universal joints running 
in oil, but with no provision made for the access 
of the oil to the bearing pins, which are often 
heavily loaded. Care should be taken that the 
part to be lubricated is not robbed of oil by the 
action of centrifugal force, as would be the case 
in a universal joint which is not lubricated from 
the shaft centre. 

The lubrication of steering-gear knuckle-joints 
and such parts as spring shackles is often effected 
by fitting grease caps, but these are liable to get 
knocked off or to be ignored, and are consequently 
falling into disfavour. 

Usually, oil is preferable to grease as a lubricant, 
and it has been suggested, as a solution of the 
problem of lubricating the coach spring, to totally 
enclose the whole spring and its shackles in a 
casing with flexible ends and fill the casing with oil. 

The lubrication of steering knuckles has been 
effected by fitting ball and socket joints rendered 
oil-tight by spring caps, and flooded, through 
suitably placed oil-ways, by oil contained in the 
connecting tubes. 

Ball and Roller Bearings. As the area of con- 
tact between a ball or a roller and its race is very 
small, the pressure intensity is correspondingly 
large, and it is doubtful whether any oil film can 
be sustained intact under such conditions. 
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A correctly designed ball or roller bearing 
performs its work with the very minimum of 
deformation of either of the rolling surfaces ; 
and, unless the designed load is exceeded in 
practice, there will be almost pure rolling and no 
rubbing or slipping. However, deformation of 
the ball or roller and the race must exist in a 
small degree, and lubrication is necessary in order 
to obtain the most satisfactory results from this 
class of bearing. 

Generally, a pure mineral grease is found to he 
the best type of lubricant for ball and roller 
bearings. The greatest care should be taken that 
the grease is really pure and free from animal and 
vegetable fata, which, although they are very 
good lubricants, are liable to develop free acid 
and corrode the bearing surfaces. Greases con- 
taining graphite, talc, and similar substances are 
also unsuitable for these bearings, especially if, 
as is commonly the case, they contain small 
particles of silica, which rapidly causes wear. 

The author has seen ball bearings which for six 
months had been kept in store and " preserved " 
by smearing over them a thick yellow grease of 
unknown composition, yet of a type in common 
use. When cleaned, both the balls and races 
were deeply pitted and had all the appearance of 
having been thoroughly rusted-up. 

In gear boxes and similar mechanisms, where 
oil is plentiful, the bearings become flooded ; and, 
provided the oil is well strained and free from 
grit, etc., the lubrication of ball bearings is quite 
satisfactory. 

The housings of ball and roller bearings should 
be designed to exclude effectually water and dirt, 
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otherwise a lapping action will be set up and the 
bearings will rapidly be rendered useless. 

Tests at the National Physical Laboratory on 

Hoffmann ball bearings compared with ordinary 

shaft bearings gave the results shown in 

Table IX. The journal diameter was 2| in., 

TABLE IX 

coefficient or friction 1 

in Plain and Ball Bearings 



BBvnintinnR i plftln bearing 
per minute. Lubricator. 


Hoffmann 
Ball Bearing. 


80 0-015 
130 0-014 
230 | 0-013 
BOO 0-012 


0*0013 
0-0014 
0-0015 
0-0016 


Starting torque: 7701b.-in. 


0-91b.-in.| 



and the total load 2,3001b. The length of the 
plain bearing was 5 in., and that of the Hoffmann 
ball bearing, If in. overall. 

In these tests, the running friction of the ball 
bearings was less than one-tenth part of that of 
the plain bearing, and the static friction l/850th 
part. 

Lubrication of Petrol Motors. The lubrication 
of a petrol motor may be effected by forcing the 
oil under pressure to the parts requiring lubrica- 
tion, by so arranging splash -troughs that the oil 
is splashed from them to these parts, or by a 
combination of the splash and pressure systems. 

Splaah System. In this system, the oil is trans- 
ferred from a reservoir to the crank chamber of 
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the engine by means of a small pump, the latter 
being operated by hand or mechanically. The 
level of the oil in the crank chamber, known as the 
"splash level," is such that the connecting rods, 
usually provided with small projections for the 
purpose, dip into the oil and splash it over the 
moving parts of the engine. Suitably placed 
troughs or gutters are provided which lead the 
oil thus distributed to lubricating holes in the 
bearing caps, connecting rod ends, and similar 
places. 

In this system, the oil is not circulated, the loss 
being made up from time to time by the pump 



Pressure System. The pressure or force-feed 
system consists in circulating the oil, by means 
of piping and oil passages, to the crankshaft 
bearings, crank ping, gudgeon pins, camshaft and 
cams, and to the timing and other gears. 

The oil is forced by means of a pump to the 
main bearing caps, whence it passes through the 
crankshaft and crank webs, which are suitably 
bored and drilled for the purpose, to the con- 
necting rod big-end bearings, and thence by pipe 
or through the hollow connecting rods to the 
gudgeon pins. 

In some cases, the gudgeon pins are formed 
hollow ; and the oil, passing through their ends, 
serves to lubricate the cylinders and pistons, but 
the latter are usually lubricated by the oil thrown 
about by the connecting rods. 

The stream of oil exuding from the various 
bearings finds its way finally into a sump at the 
bottom of the crank case, from which it again 
passes, through a strainer, to the circulating pump. 



is 
is 
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Combined Systems. Combinations of these two 
systems are in common use. Thus, in some cases, 
the crankshaft bearings and crank pins only are 
supplied with oil under pressure, the lubrication 
of the gudgeon pins and other parts depending 
upon tho oil thrown off the connecting rod ends. 
In other cases, the crankshaft bearings alone are 
pressure-fed, and the connecting rod big-ends dip 
into splash troughs and scatter oil to lubricate 
the rest of the engine. 

Lubrication ol " Wolseley ' ' Hispano-Soua Aero 
Engine. The lubrication system of this engine is 
taken as a typical example of aero engine practice. 
The oil recommended for use is pure castor oil. 
It is supplied under pressure by a rotary pump, 
and is delivered directly to the crankshaft and big- 
end bearings, to the camshaft bearings and cams, 
and by means of a jet to the reduction gears with 
which this engine is fitted. The cylinders and 
pistons are lubricated by oil thrown off by the 
connecting rod ends. 

The oil is supplied under a pressure of 1201b. 
per sq. in., the pressure being controlled and 
regulated by an adjustable relief valve. The 
consumption of oil varies from 10 to 12 pints per 
hour for a 200-h.p. eight- cylinder engine of 
120 mm. bore and 130 mm. stroke. 

The engine is fitted with two vane- pumps 
running in tandem and shown in Fig. 31. The 
lower pump drains all the oil from the crank- 
case and delivers it to a supply tank, from which 
it is again drawn by the upper pump, forced 
through a strainer, and thence into the main 
supply pipe. The oil passes under pressure to 

9— (S398) 
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the underside of each crankshaft bearing, as 
shown in Fig. 32. An annular groove cut round 
the inside of the bearing housing enables the oil 
to pass round the outside of the bearing brasses, 
and through the holes which are drilled in them, 
to the crankshaft. The brasses are shown on 
Fig. 33. 

Connecting Rod Big-ends. Fig. 32 shows the 



Fm. 33. — Aebo Engine Crankshaft Bearings. 

oil passages through the webs by which the pres- 
sure oil passes, after flooding the crankshaft bear- 
ings, to the big-ends. In this engine, two big- 
ends work on the same crank pin, one being 
forked to enshroud the other and taking its bear- 
ing on it. This is shown at O (Fig. 32), the dark 
portions representing the white metal bearing 
surfaces, the inner surface being drilled in order 
to allow oil to pass to the bearing of the forked rod. 
Qvdgeon Pins. The small-end of the connecting 
rod is drilled at the top to allow oil splashed up 
inside the piston to find its way into the small- 
end bearings. Oil is also collected from the 
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cylinder walls by a groove round the piston, 
which connects with the centre of the gudgeon 
pins, the latter being drilled with small holes 
to enable the oil to reach the small-end 

bush. 



Camshaft and Cam* and Gears. Oil under pres- 
sure is supplied through the hollow camshaft to 
the camshaft bearings and through a small hole 
in the " rest " portion of each cam to the valve 
mechanism generally. 

The oil, in draining back to the gear case, 
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lubricates the valve- timing and magneto gears, 
which in this case are bevel and skew gears 
respectively. 



The driving gears are lubricated by a jet of oil 
impinging on the teeth as they enter into 
engagement. 

The complete lubricating system is shown in 
Figs. 34 and 35. 
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Lubrication of Turbine Gearing. The very high 

peripheral apeed of turbine gear wheels renders 
the ordinary bath system of gear-bos lubrication 
unsuitable, owing to the heavy viscous drag of 
the lubricant on the wheel surfaces. The energy 
which would be expended by the gears in moving 
through the oil at high speed, and in scattering it 
inside the case, would be such as to necessitate 
the rapid circulation of a very large supply of 
lubricant, in order to keep the temperature down 
to a reasonable limit. 

Experiments described in Chapter VII have 
shown the desirability of keeping the working 
temperature of a mineral oil as low as possible, 
in order that the critical temperature may not 
be exceeded. 

In the lubrication of turbine gears, the oil is 
sprayed over the surfaces of the teeth just as they 
are entering into gear, and the oil, f ailing «f tcr- 
wards into a tank beneath, is drawn off by a 
pump, cooled and used again. 

Generally, a moderately thin mineral oil is used, 
but great care should be taken that the lubricant 
does not easily emulsify with water, because the 
presence of the latter in the gear case cannot well 
be avoided. The use of a heavy viscous lubricant 
is neither desirable nor necessary. 

Figs. 36 and 37 show the lubricating system of 
a turbine gear manufactured by Messrs. David 
Brown & Sons, Ltd., of Huddersneld. Oil is sup- 
plied under pressure to all the shaft bearings and 
the spraying nozzles by means of the pump, O. 
It is drawn into the pump from the main tank 
beneath the gear case and forced through the oil 
cooler and strainer, after which it is distributed 
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by various pipes to all parts of the gear requiring 
lubrication. The oil is delivered at a pressure of 
101b. per sq. in., the pressure being indicated on 
a gauge and regulated by means of a relief valve. 
The design of the nozzles employed is such that 



a maximum spread of the lubricant is obtained 
for the particular oil and feed pressure chosen. 
It has been found much more satisfactory to 
spray the lubricant over the whole width of the 
gear teeth than to rely on lubrication from one 
or two narrow jets. 
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The oil from the spraying nozzles, after being 
used, falls to the bottom of the case. Similarly, 
the oil to the bearings enters the bearing on one 




Lubrication 



side and passes out at the other, after which it 
returns to the case and thence to the tank. 

In order to obtain the temperature of the return 
oil from the bearings, bosses are cast on the bear- 
ing housing. Each boss receives a tube which 
dips into the oil and contains a small quantity of 
mercury in which the thermometer bulb is 
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immersed. The manufacturers recommend that 
a temperature of 140° F. should not be exceeded. 

The lubricating system should be examined 
periodically, the cooler and strainer being cleaned 
out and the water which settles from the oil 
being driven off. 

It is essential that the oil used should be kept 
below its critical temperature, otherwise there 
may be serious loss of power, and possibly injury 
to the gear, due to the reduced lubricating quality 
of the oil at high temperatures. Tests on turbine 
gear oils have shown that some of thB lubricants 
used are inferior to others at low temperatures, 
but much superior at the working temperature 
of the gear. 
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